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Adjudication of the Medals of the Royal Society for the year 1884, 

by the President and Council. 

The Copley Medal to Professor Carl Litdwig, For. Mem. RS., for his investiga¬ 

tions in Physiology, and the great services which he has rendered to Physiological 

Science. 

A Royal Medal to Professor George Howard Darwin, F.R.S., for his Mathe¬ 

matical Investigations on the Rigidity of the Earth, and on Tides. 

A Royal Medal to Professor Daniel Oliver, F.R.S., for his Investigations in the 

Classification of Plants, and for the great services which he has rendered to Taxonomic 

Botany. 

The Rumford Medal to Professor Tobias Robertus Thalen for his Spectroscopic 

Researches. 

The Davy Medal to Professor Adolph Wilhelm Hermann Kolbe, For. Mem. 

R.S., for his Researches in the Isomerism of Alcohols. 

The Bakerian Lecture, “ Experiments on the Discharge of Electricity through 

Gases,” was delivered by Dr. Schuster, F.R.S. 

The Croonian Lecture was not delivered. 
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ADVERTISEMENT. 

The Committee appointed by the Royal Society to direct the publication of the 

Philosophical Transactions take this opportunity to acquaint the public that it fully 

appears, as well from the Council-books and Journals of the Society as from repeated 

declarations which have been made in several former Transactions, that the printing of 

them was always, from time to time, the single act of the respective Secretaries till 

the Forty-seventh Volume; the Society, as a Body, never interesting themselves any 

further in their publication thap by occasionally recommending the revival of them to 

some of their Secretaries, when, from the particular circumstances of their affairs, the 

Transactions had happened for any length of time to be intermitted. And this seems 

principally to have been done with a view to satisfy the public that their usual 

meetings were then continued, for the improvement of knowledge and benefit of 

mankind : the great ends of their first institution by the Royal Charters, and which 

they have ever since steadily pursued. 

But the Society being of late years greatly enlarged, and their communications more 

numerous, it was thought advisable that a Committee of their members should be 

appointed to reconsider the papers read before them, and select out of them such as 

they should judge most proper for publication in the future Transactions; which was 

accordingly done upon the 26th of March, 1752. And the grounds of their choice are, 

and will continue to be, the importance and singularity of the subjects, or the 

advantageous manner of treating them; without pretending to answer for the 

certainty of the facts, or propriety of the reasonings contained hr the several papers 

so published, which must still rest on the credit or judgment of their respective 

authors. 

It is likewise necessary on this occasion to remark, that it is an established rule of 

the Society, to which they will always adhere, never to give then’ opinion, as a Body, 
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upon a subject, either of Nature or Art, that comes before them. And therefore the 

thanks, which are frequently proposed from the Chair, to be given to the authors of 

such papers as are read at their accustomed meetings, or to the persons through whose 

hands they received them, are to be considered in no other light than as a matter of 

civility, in return for the respect shown to the Society by those communications. The 

like also is to be said with regard to the several projects, inventions, and curiosities of 

various kinds, which are often exhibited to the Society; the authors whereof, or those 

who exhibit them, frequently take the liberty to report, and even to certify in the 

public newspapers, that they have met with the highest applause and approbation. 

And therefore it is hoped that no regard will hereafter be paid to such reports and 

public notices; which in some instances have been too lightly credited, to the 

dishonour of the Society. 
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PHILOSOPHICAL TRANSACTIONS. 

I. On the Circulation of A ir observed in Kundt’s Tubes, and on some Allied Acoustical 

Problems. 

By Lord Rayleigh, D.C.L., F.P.S. 

Received October 23,—Read November 15, 1883. 

Experimenters in Acoustics have discovered more than one set of phenomena 

apparently depending for their explanation upon the existence of regular currents of 

air, resulting from vibratory motion, of which theory has as yet rendered no account. 

This is not, perhaps, a matter for surprise, when we consider that such currents, 

involving as they do circulation of the fluid, could not arise in the absence of friction, 

however great the extent of vibration. And even when we are prepared to include in 

our investigations the influence of friction, by which the motion of fluid in the neigh¬ 

bourhood of solid bodies may be greatly modified, we have no chance of reaching an 

explanation, if, as is usual, we limit ourselves to the supposition of infinitely small 

motion and neglect the squares and higher powers of the mathematical symbols by 

which it is expressed. 

In the present paper three problems of this kind are considered, two of which are 

illustrative of phenomena observed by Faraday. * In these problems the fluid may 

be treated as incompressible. The more important of them relates to the currents 

generated over a vibrating plate, arranged as in Chladni’s experiments. It was 

discovered by Savart that very fine powder does not collect itself at the nodal lines, 

as does sand in the production of Chladni’s figures, but gathers itself into a cloud 

which, after hovering for a time, settles itself over the places of maximum vibration. 

This was traced by Faraday to the action of currents of air, rising from the plate at 

* “ On a Peculiar Class of Acoustical Figures; and on certain Forms assumed by gi’oups of particles 

upon Vibrating Elastic Surfaces,” Phil. Trans., 1831, p. 299. 
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o LORD RAYLEIGH ON THE CIRCULATION 

the places of maximum vibration, and falling back to it at the nodes. In a vacuum 

the phenomena observed by Savart do not take place, all kinds of powder collecting 

at the nodes. In the investigation of this, as of the other problems, the motion is 

supposed to take place in two dimensions. 

It is probable that the colour phenomena observed by Sedley Taylor* on liquid 

films under the action of sonorous vibrations are to be referred to the operation of the 

aerial vortices here investigated. In a memoir on the colours of the soap-bubble,t 

Brewster has described the peculiar arrangements of colour accompanied by whirling 

motions, caused by the impact of a gentle current of air. In Mr. Taylor’s experiments 

the film probably divides itself into vibrating sections, associated with which will be 

aerial vortices reacting laterally upon the film. 

The third problem relates to the air currents observed by Dvorak in a Kijndt’s 

tube, to which is apparently due the formation of the dust figures. In this case we 

are obliged to take into account the compressibility of the fluid. 

[My best thanks are due to Mr. W. M. Hicks, who has been good enough to 

examine the mathematical work of the paper. The results are thus put forward with 

greater confidence than I could otherwise have felt.] 

§ 1. In the usual notation the equations of motion in two dimensions are 

1 dp 

P d d. 

1 dp 

p dv 

du 

dt 

dv 

dt 

du du ] 
-\-V V M— U — — V -- 

dx du 
[ 

0 dv dv I 
+ W~ v — u  -v — 

dx d y j 

(1), 

and since the fluid is incompressible, 

In virtue of (2) we may write 

du . dv 

t&+(fe=0 

dAr d\P 

U~dy’ V=~~dA. 

Eliminating p between equations (l), we get 

0fdu dv\ d (du dv\ d ( du , du \ d ( dv , dv \ 
v^\^y -t: I=i7.1ua:. j-TJu—+v— ). 

Now 

dy dx) dt \dy dx J dy \ dx dy j dx \ dx dy 

du du , d(u2 + v3) /du dv 

U~dx^V dy=*~~dx \dy ~Av 

dv dv , d(u~ + v~) (du dv 

U dy= ? dy U \dy ~dx)’ 

(2). 

(3). 

* Proc. Rot. Soc., 1878. 
f Edinburgh Transactions, 1866-67. 
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and 

so that 

du do 

dy dx ^ 

4 , 1 d 2 U v dV:yfr 
V v»-y Vy=-y— +- -y— 

r at v dx v dy 
(4). 

For the first approximation we neglect the right-hand member of (4), as being of 

the second order in the velocities, and take simply 

V~ i//=0 (5). 

The solution of (5) may be written* 

xP='lJl + 'l'-2.(6)> 

where 

v^ = 0, (v2-i|)^=0.(7). 

We will now introduce the suppositions that the motion is periodic with respect to 

x, and also (to a first approximation) with respect to t. We thus assume that x//1 and 

v/»3 are proportional to cos kx, and also to emt. The wave-length (A) along x is 2ir/k, 

and the period r is 27r/w. The equations (7) now become 

y-r>=°> ($-*-7)*=0.<8), 

by which i/q and x/j.2 are to be determined as functions of y. If we write 

*'*=**+-.(9), 
V 

we have as the most general solutions of (8) 

i//) = Ae-^+Be+^.(10), 

xjj.2=Cerk'y+De+X>.(II). 

With respect to the value of k\ we see from (9) that it is complex. If we write 

then 

7r = P2 cos 2a, -=P2sin2a, 
V 

k! = P cos cl -+- i P sin a. 

* Stokes “ On Pendulums,” Camb. Phil. Trans., vol. ix., 1850. 

B 2 
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r 

In all the applications that we shall have occasion to make, an approximate value 

of k' is admissible. On account of the smallness of v, n]v is very large in comparison 

with k2, that is to say, the thickness of the stratum through which the tangential 

motion can be propagated in time r is very small relatively to the wave-length X. 

We may therefore neglect lA in the equation 

and take simply 

Again 

P4=&4+-1 
v 

P *=n/v. 

(sin a— cos a)2 = 1 — sin 2a = I— ~ , 
n- 

so that the difference between cos a and sin a may he neglected, 

write 

k'=fi(l-\-i). 

where 

n 

2v 

We will therefore 

■ • • • (12), 

.... (13). 

We must now distinguish the cases which we have to investigate. In the first we 

suppose that a wave motion is in progress in a vessel whose horizontal bottom 

occupies a fixed plane y= 0. We may conceive the fluid to be water vibrating in 

stationary waves under the action of gravity, the question being to examine the 

influence of the bottom upon the motion. If there are no other solids in the 

neighbourhood of the bottom, we may put D = 0, y being measured upwards, and 

f3 being taken positive. 

The conditions to be satisfied at y= 0 are that u and v should there vanish. Thus 

so that 

and 

A + B+C = 0, — &A+&B — fc'C = 0, 

\jj=Cl — cosh Icy-by sinh ky-\-e L 

= C{ —k sinh ky+k' cosh ky—k'e ^}. 

At a short distance from the bottom, u=krC. If we denote by u0 the maximum 

value of u near the bottom, we have 

and then 

k'C=u0 eini cos kx, 

. . [ cosh ky sinh ky e~k 
xji=h0 e’"! cos kx\ ————-j 

k k' (in. 
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k . 
u=u0 eint cos kx\ — sink ky-\- cosh hy—e -lc'y 

• • (15). 

v=u0 dnt sin kx\—^ cosh ky-\- sinh ky-\-^-e [■ .... (16). 

These are the symbolical values. If we throw away the imaginary parts, we have 

as the solution in real quantities by (12), 

7 , cosh ley , i \ , 
*]j=u0 cos kx\ — ^^2 cos \nt~i7r) + 

-Pv sinh ky , e , . 
----- - cos nt-\- cos • (17), 

u=«ncos feci —- cos (?2t—^77-) + cosh ky cos —e ^ cos (nt—/3y) . (IS), 

v=uQ sin fee j — cos (nt—\7r)+ sinh ky cos cos i.nt~i7r~~l^y) | (19)- 

This is the solution to a first approximation. At a very small distance from the 

bottom the terms in e~^ become insehsible. 

Although the values of u and v in (18) and (19) are strictly periodic, it is proper 

to notice that the same property does not attach to the motions thereby defined of 

the pai’ticles of the fluid. In our notation u is not the velocity of any particular 

particle of the fluid, but of the particle, whichever it may be, that at the moment 

under consideration occupies the point x, y. If y+q be the actual position at 

time t of the particle whose mean position during several vibrations is x, y, then the 

real velocities of the particle at time t are not u, v, but 

du j. du t dv j. . dv 

v+lJ+l^ ”+&f+V'; 

and thus the mean velocity parallel to x is not necessarily zero, but is equal to the 

mean value of 

in which again 

du t du 

dx dy 

From the general form of u, viz., cos kx F(y, t), it follows readily that = 0. 

For the second term we must calculate from the actual values as given in (18), (19). 

Thus 
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u0 sin kx f k cosh ky ke^y 
v= 

da 7 
— = U() COS KX 
ay 

^ /9 sin (nt — \tt) + sinli ky sin nt + ~ - sin {nt — £7t—fry) j-, 

c°SI^ cos {nt —^7r)-|-&sinh ky cosn£ + ^2.(3 e~$y cos {nt-\-^-ir—/3y) k 
Ps/< 

of which the two first terms may be neglected relatively to the third (containing the 

cLil 
large factor (3). The product of y and ^ will consist of two parts, the first indepen¬ 

dent of t, and the second harmonic functions of 2nt. It is with the first only that we 

are here concerned. The mean value of the velocity parallel to x is thus 

02 sin 2kx e py 

4:71 
k cosh ky cos (3y-\- \/2.(3 sinh ky sin {/3y—^Tr) — k e Py 

On account of the factor e ?y, this quantity is insensible except when ky is extremely 

small. We may therefore write it 

U° Sm^X-e— jeos fiy+fiy (sin /3y— cos (3y) — e & j .... (20), 

V (equal to k/n) being the velocity of propagation of waves corresponding to k and n. 

The only approximation employed in the derivation of (15) and (16) Is the neglect 

of the right hand member of (4), and the corresponding real values of u and v could if 

necessary be readily exhibited without the use of a merely approximate value of k'. 

To proceed further we must calculate the value of 

u d\/2\jr 

v dx + 
V d\/~\fr 

dy 
(21) 

in (4), for which it will be sufficient to take the values given by the first approxima¬ 

tion. Thus 

and by (17) 

VV = Vu/q 
1 d^y* 

v ~di’ 

d~k„ 

dt 

nun cos kx e -Py 

/V2 
sin {nt—lTT—py), 

from which we find as the value of (21), 

nku02 sin 2kx e~^y \ ( k /3\/2\ . . 

“47^/2— j \^y2 —ir)sm 1 ky sin v2 cosh hJcos py+ v2 
-ft/ 

+ terms in 2nt. 
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On account of the factor e Py this quantity is sensible only when y is very small. 

We mav write it with sufficient approximation 

nku02 sin 2kx e 

4zrp 
— /3y sin (3y— cos /3y+e Py (22). 

The terms in 2nt, corresponding to motions of half the original period, are not 

required for our purpose, which is to investigate the non-periodic motion of the second 

order. The equation with which we have to proceed is found by equating (22) to v‘h/>- 

The solution will consist of two parts, one resulting from the direct integration of (22) 

and involving the factor e~Py, the second a complementary function with arbitrary 

coefficients satisfying vh//=0. In the calculation of the first part we may identify v1, 

with <P/dy4, on account of the smallness of Jc relatively to /3. In this way our equation 

becomes 

cl^yjr _nJcud sin 2kx e 

d/fiy)* 4:v~f35 
—/5y sin /3y—cos /3y-\- e Py (23), 

of which the solution is 

*=' 

nkud sin 2kx e Py 

4i/2/35 
f cos (3y+1 sin f3y+±/3y sin f3ye -to (24). 

The complementary function, being proportional to sin 2kx, may be written 

nkud sin 2kx 
4zF/35 

{(A+By)e-2^+(A' + B,y)c+2^}. 

If the fluid be uninterrupted by a free surface, or otherwise, within distances for 

which hy is sensible, we must suppose (A/+B/y) = 0, so that by (13) the complementary 

function may be written 
uJ sin 2kx 

/3V 
(A + By)c 2 A 

The condition that v (equal to —dxfj/dx) must vanish when y— 0, gives A=—yf. 

For the velocity parallel to x we have 

u~- 
ud sin 2kx, 

V 
[e &{ — sin (3y — ± cos f3y+±(3y cos /3y~i/3y sin (3y—|e 

+ /3~le~2^ {B — 2k(A + By )f ]. 

In order that u should vanish when y— 0, we must have 

B = 2M+|/3 = f/3-^ = i/3, 
approximately. Thus 
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7/ ^ mil 

«=- ' v [e_%{ - sin ft]—i cos #/+i/3y cos $y—\$y sin fiy—\e~py] 

+ fe-^{l-2%}J . (25), 
and 

~2^[c-^{| cos /ly+f sin /3y + i7fy sin %+iV*} 

4-e-2%I _A|_j_3^j] . (26). 

To obtain the mean velocity parallel to a; of a particle, we must add to (25), the 

terms previously investigated and expressed by (20). If we call the total u , we have 

sin j3y—\e~^y}-f fe-2^{1 — 2% } ] . . . (27). 

At a short distance from the bottom e~Py becomes insensible, and we have simply 

U'=f«s™2kxe-™y (1-2ky).(28), 

V=-Lfv-e-H-Ti+iPy).(29). 

The steady motion expressed by (28) and (29) is of a very simple character. It 

consists of a series of vortices periodic with respect to x in a distance For a given 

x the horizontal motion is of one sign near the bottom, and of the opposite sign at a 

distance from it, the place of transition being at y=(2£)-1 = \/47r. The horizontal 

motion of the first order near the bottom being by (18) u= u0 cos kx cos nt, we see 

that it is a maximum when kx=0, n, 2tt, ... If we call these places loops, and the 

places of minimum velocity nodes, (29) shows that v is negative and a maximum at 

the loops, positive and a maximum at the nodes. The fluid therefore rises from the 

bottom over the nodes and falls back again over the loops, the horizontal motion near 

the bottom being thus directed towards the nodes and from the loops. The maximum 

horizontal motion is simply %up/V, and is independent of the value of v. We cannot, 

therefore, avoid considering this motion by supposing the coefficient of viscosity to be 

very small, the maintenance of the vortices becoming easier in the same proportion as 

the forces tending to produce the vortical motion diminish. 

To ascertain the character of the motion quite close to the bottom, we must include 

the terms in e~Py. When y is extremely small 

u'=u02V-1 sin 2kx{—j/3y-\- . . .}■.(30), 

so that the motion is here in the opposite direction to that which prevails when 

can be neglected. 
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A few corresponding values of fiy and of —(sin /3y+fe ^)e ^+f are annexed, in 

order to show the distribution of velocities within the thin frictional layer. 

ft/- ft/- 

7T 3tt 

+ •055 
16 

-•038 
"8 

7T 

8 
-•054 

7T 

2 
+ 151 

377’ 

Id 
-•049 7T + •374 

7T 37T 

+ •384 
4 

-•025 
“2 

It appears that (sin 2kx being positive) the velocity is negative from the plate out¬ 

wards until /3y somewhat exceeds y7r, after which it is positive, until reversed by the 

factor (1 — 2ky). The greatest negative velocity in the layer is about y of that which 

is found at a little distance outside the layer. 

Faraday found that fine sand, scattered over the bottom, tended to collect at the 

loops. This is in agreement with what the present calculation would lead us to 

expect, provided that we can suppose that the sand is controlled by the layer at the 

bottom whose motion is negative. The exceeding thinness of the layer, however, pre¬ 

sents itself as a difficulty. The subject requires further experimental investigation ; 

but in the meantime the following data may be worth notice, though in some respects, 

e.g., the shallowness of the liquid in relation to the wave-length, the circumstances 

differed materially from those assumed in the theoretical investigation. 

The liquid was water (^—•014 C.G.S.), and the period of vibration was yy, so that 

v = 2nX 15. The thickness of the layer 

7T 

4 
= '0135 centim. 

Measurements of the diameters of the particles of sand gave about '02 centim., so 

that the grains would be almost wholly immersed in the negative layer, even if isolated. 

It seems therefore that the observed motion to the loops gives rise in this case to no 

difficulty. But it is possible that the behaviour of the sand is materially influenced 

by the vertical motion of the vessel by which in these experiments the liquid vibra¬ 

tions are maintained.* 

§ 2. In the problem to which we now proceed the motion will be supposed to have 

its origin in the assumed motion of a flexible plate situated when in equilibrium at 

y— 0. Thus for a first approximation we take u— 0, v = y0 sin kx elnt, when y= 0, and 

the question is to investigate the resulting motion of the fluid in contact with the 

plate. 

* See a paper “ On the Crispations of Fluid resting upon a Vibrating Support,” Phil. Mag., July, 1883. 

MDCCCLXXXIV. C 
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The solution to a first approximation is readily obtained. As in (10), (11), we have 

= xPi~^~'p2 = Qini cos kx(Ae-^+Ce-/^).(31), 

in which we may take as before 

\/ ^■(l+f)=^(l + i).(32). 

By the condition at y— 0, 

A=-|C, C=^ 

so that 

. vDeiat cos fee f fe , , „ 1 . 

,+e'y\.(33)> 

.(34). 

In passing to real quantities it will be convenient to write 

.m- 

Thus throwing away the imaginary parts of (33), (34), we get 

\fj= cos kx j — cos (nf + e+i^) + e~^cos (?^+e—/3y)j . . . (3G), 

u=y/2.(3 H cos Tex je-/^Cos (7i^+e+3^) — e“^cos (iit-\-e-\-\TT—fiy) j . (37), 

v=H sin &rj — ySv/2 e~^cos (^+e+^7r)+^e-^cos (nt-\-e—/3y)j . . (38). 

From (32), (35), the approximate value of H is —and that of e is — ^7r. 

More exact values will however be required later. We find 

H= _v/!(/3-^V+/3iJ= (1+2^).(39^’ 

cos e=VK^W+W]"=Vi{l~w).^40)' 

The values of u and v above expressed give u=0, v—v0 sin Tex cos nt, when y—0. 

This is sufficient for a first approximation, but in proceeding further we must remember 
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that these prescribed velocities apply in strictness not to y— 0, but to y=^sin kx sin nt. 

Substituting the latter value of y in the expressions (37), and (38), we find 

u = v/2./3 H cos kx | —ky cos (^+e+^7r) + \/2./3y cos {nt-\-e-\-^Tr) j 

l~ sin 2 kx sin j —cos (wt + e-hi77) + cos (w^ + e+27r)| 

-in (e+i77)— sin (e+i77) | + ten 
/3\H • 9Z J k 

— sm 2kx\ „ sm 
2n 

:ms in 2nt. 

The first term within the bracket is of the second order in kj{3 relatively to the 

latter term, and may be omitted. Thus 

/32%H . 7 
u— — —— sm 2kx cos e. 

The terms in 2nt we need not further examine. From (39), (40), H cos e=— v0/2/3, 

very approximately, so that we may write 

ftvd . 7 
u——— sm 2kx 

4:71 
(41). 

To the same degree of approximation, v=v0sin kx cos nt, simply. 

We have next, as in the first problem, to consider the complete equation 

4 , _n dy2 , v 
vV v~ dxdt v2, dydt 

(42) 

m the right hand member of which we use the approximate values given by (36), 

(37), (38). Thus 

— ?iH cos kx e ^sin (nt-\-e—fiy), 
etc 

and (42) becomes 

. nk/3H2 sin 2kxe Py \ 12& . n ^ \ . „ i /jr>. 
V4’/'=-—2-j e M ~ sm fiy— sm /3y— cos (3y ) + 2e }• . . (43). 

It will be found presently that the term divided by k disappears from the final 

result, and thus we have to pursue the approximation further than might at first 

appear necessary. We may however neglect terms of order Z;3//3y in comparison with 

the principal term. Thus v4 may be identified with —, and the equation becomes 
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rikH2 sin 2kxe Py \ (2(3 

d{(3yf 4A/32 
— 1 ) sin (By— cos (By — 2/3// sin (By-\-2e Py } • («). 

whence 

And 

r- 

niiiL- sin 2kx e Py \ [ B 

4v-/3:i 
— 21+%)sin fBy+i cos (3y+±/By sin (3y+±e ^ . (45). 

d-yjr %&H2sin2&r ? \ ( (3 

dy 4w/32 
/B 

— 2 )sin/3y—— cos(By—\fBy sm(3y-\-\(By cos (By—\e ^ M46J 
2 k j ™ 2 k 

To obtain the value of u at the surface of the plate it will be sufficient to put y— 0 

in (4G). Thus 

?i/dP sin 2kxJ 

4P/32 | 
(47). 

By (32), (39) 

nkW_W( k\_yl( k\ 

4 P/32 2 n\^(3) 2V\ i~£/’ 

if as before we put V for k/n. Thus in (47) 

u=4y{~k~?) ®in2kx.(48)- 

To obtain the complete value of u at the surface of the plate, corresponding to (37), 

(46), we have to add to (48) that given in (41). The term of lowest order disappears, 

and we are left simply with 

QV ~ 

u— — sin 2kx.(49). 

In like manner we find for the complete value of v at the surface of the plate 

corresponding to (38), (45), 

11 Vr?k cos 2kx 
v=vQ sin kx cos nt- 

8/3 V 
(50). 

The values of u and v expressed in (49) and the second part of (50) must be can¬ 

celled by a suitable choice of the complementary function, satisfying vSJ= 0, so that 

to the second order of approximation the fluid in contact with the plate may have no 

relative motion. 

The complementary function is 

whence 

i// = (A -j- By)e sin 2kx, 
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u = {B — 2k(A + By)) e 2ky sin 2kx, 

v— — 2&(A+By)e-3^ cos 2kx. 

Determining the constants as indicated above we get 

2>v 2 
?/■ = —■ (1— 2fcy)e~2^ sin 2kx.(51), 

lev * 
v— — (11 + 6/5y)e~2ky cos 2kx.(52). 

The velocities given by (51), (52) are the only part of the motion of the second 

order which is sensible beyond a very small distance from the vibrating plate. The 

nodes of the plate (where sand would collect) are at the points given by kx— 0, n, 2v..., 

and the loops at the points kx=^n, § tt . . . At the former points v is negative, and at 

the latter positive. For kx=\ir, u is positive, and for Jcx=%tt,'u is negative. 

!—!—-—i——J 
0 t>7t 7r -|7r 

node loop node loop 

The magnitude of the vortical motion is independent of the coefficient of friction. 

The complete value of u to the second order of approximation (except the terms in 

2nt) is obtained by adding together (37), (46), and (51), and it will contain the term 

divided by k in (46), whose appearance, however, is misleading. The objectionable 

term will be got rid of, if we express the mean velocity of a particle, instead of as in 

(46), the mean velocity at a point. For this purpose we are to add to (46), (51), the 

mean value of 
du 

dy 

as calculated from the first approximation where 

du 
As in the former problem the mean value of is zero. 

el'll; C 
Multiplying together- , and Ivdt as found from (37), (38), and rejecting the terms 

dy’ 

in 2nt, we get with omission of k2, 
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Jc/3~ We, p,J sin 2kx f .. . , , _ 1 
- -j^X1-%)(sm fty—cos fiy)+\e • • • 

in which we may write 

(53), 

A/3~II2 /,’/3lH2 nkW 

n "" ?i/32 — _ 4P/32' 

Combining (53), (46), and (51), we get finally 

it 
, ^ sin 2kx \ . „ 1 3i>02 o7 \ _oz.„ • o7 
=—^3-j ~2 sm Py~ie j+2^)e sm 

;C|„_2faq _e-ft(2s;n^+|e-»»)+|(1_%)(,-^j. , 
(54)> 

which expresses the mean particle velocity. 

When fiy is very small, (54) gives 

Vr? sin 2kx 
u — 

2Y (-^+- • .)• (55). 

from which it appears that quite close to the plate the mean velocity is in the 

opposite direction to that which is found outside the frictional layer. 

§ 3. In the third problem, relating to Kundt’s tubes, the fluid must be treated as 

compressible, as the motion is supposed to be approximately in one dimension, parallel 

(say) to x. The solution to a first approximation is merely an adaptation to two 

dimensions of the corresponding solution for a tube of revolution by Kirchhoff,* 

simplified by the neglect of the terms relating to the development and conduction 

of heat. It is probable that the solution to the second order would be practicable 

also for a tube of revolution, but for the sake of simplicity I have adhered to the 

case of two dimensions. The most important point in which the two problems are 

likely to differ can be investigated very simply, without a complete solution. 

If we suppose p=a?p, and write cr for log p— log p0, the fundamental equations 

are 

die du 

dt U dx 
— v 

du 

dy 
-\-v^2u-\-v (56), 

with a corresponding equation for v, and the equation of continuity, 

du dv da da da 

Tx+dy+Yt+Udx+Vly = ° 
(57). 

* Pogg. Ann., t. cxxxiv., 1868. 
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Whatever may be the actual values of u and r, we may write 

15 

in which 

From (56), (57), 

dx'dy’ dy dx 

„ . du , dv „ , du dv 
V^ = y-+ W’ ^'XP = T~T dx dy dy dx 

(58) , 

(59) . 

, ,d\da du _ dw du , d ( da , da\ 

l+Vdt)Zv^-Yt+V^U-UI-Vdil-V\Vtldx + Viy) ■ 

n ,d\da dv „ dv dv ,d[ da da 

a~+VdtUj=~dt+l’ V'V~Udi~Vdy~1' dy\Udi+% 

■ m, 

(61). 

Again from (60), (61), 

o , d ,d\ „ dxa d( da da\ . 0/ der da 

a+vdl+v7tr*-w=iAu^+%r(v+,'w'v^+% 

dv d ( du du\ d ( dv 
— — w—+v— — — \u—+ V j 

dx\ dx dy] dy\ dx dy 
(62). 

For the first approximation the terms of the second order in u, v, and a are to 

be omitted. If we assume that as functions of t, all the periodic quantities are 

proportional to ernt, and write q for o?-\-inv-\-inv, (62) becomes 

Now by (57), (59), 

so that 

and 

q^2or-\-nza=0 . 

V3</>= —incr—i - V3cr, 
n 

, -2 4-, 
<p—l -cr, 
I m ' 

iq da d\]r iq da ddy 

n dx dy’ n dy dx 

(63). 

(64). 

Substituting in (60), (61), with omission of terms of the second order, we get in 

view of (63), 

(t>V3—inyy- — 0, 
dy 

* It is unnecessary to add a complementary function 0', satisfying v20’ —0, as the motion corre¬ 

sponding thereto may be regarded as covered by 0. 
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whence 
(p\/~ — in)xp= 0 (65). 

If we eliminate cr directly from the fundamental equations (56), we get 

. (6fi). 

If we now assume that as functions of x the quantities cr, if/, &c., are proportional 

to e,Jix, equations (63), (65) may be written 

$-n„=o, 
where F3=F-- 

2 
• (67), 

df~kT=0’ 
where k'2=k?-j-—. 

V 
(68). 

If the origin for y be in the middle between the two parallel boundaries, cr must be 

an even function of y, and xp must be an odd function. Thus we may write 

cr=A cosh h"y. ev,t e'lx-, i//=Bsinh k'y.emtedx . . . . (69), 

u—[ —~A cosh k" y-\-k'.B sinh k'y )eM & 

v-C—'h. sinh k"y—?X’B sinh k'y )ei,lf elh 

> ■ • (70). 

If the fixed walls are situated at y= u and v must vanish for these values of y. 

Eliminating from (70) the ratio of A to B, we get as the equation for determining k, 

k2 tanh k'y^k'k" tanh k"yx.(71), 

in which kf, k" are given as functions of k by (67), (68). We now introduce further 

approximations dependent upon the assumption that the direct influence of friction 

extends through a layer whose thickness is a small fraction only of yv On this suppo¬ 

sition k' is large, and k" is small, so that we may put tanh k'yy = il, tanh k”yx— -hk"yx- 

Equation (71) then becomes 

k*=k'k' y i (72), 
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or if we introduce the values of V, k" from (67), (68), 

• I i 7 0 70 ,b * , 1 

Since mjv is great, Ar= —=— approximately. 

Thus 

„ n2 , k2 n2 f, , 1 1 
h~q+ /(u , in\ ~ a2 j 1 + 

Ui v r +7) 2/1 
fin r 

V r J 
and 

H-—/, 
ft i ' /2» 

2yi V 7 

If we write k=k1-\-ik.2. 

*'-±111 

Til . ^ Vi 
-';/i J ’ 3 a 

(73). 

(74). 

which agrees with the result given in § 347 (11) of my book on the Theory of Sound. 

In taking approximate forms for (70), we must distinguish which half of the 

symmetrical motion we contemplate. If we choose that for which y is negative, we 

replace cosh k'y and sinh k'y by \e~Vy. For cosh k"y we may write unity, and for 

sinh k"y simply k''y. If we change the arbitrary multiplier so that the maximum 

value of u is unity, we have 

,int u— (— 1 -f e~^+^)eilxeh 

v— —(U _j_ Q—Uy+yy\(ghx^.nt 

k'XVi ) ' 

(75), 

in which, of course, u and v vanish when y— —yv 

If in (75) we change k into —k, and then take the mean, we obtain 

U = ( — 1-f-C V(y+yi)^ COg kx emt 

v— ——-\-e~,i'{y+yi) ) sin kx eint 
k \Vi j 

. . (76). 

Although k is not absolutely a real quantity, we may consider it to be so with 

sufficient approximation for our purpose. If we write as before 

k'— A/L\(l+i)-P{l+i), 

MDCCCLXXXIV. D 
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we get from (76) in terms of real quantities 

u— coskx[— cosnt-\-e~^+y^ [nt—Piy-^-yp}^ 

/V2 
sin kx 

Jh 
cos (nt—\7r)+e Wy+yi) cos {nt—^rr—P{y-\-yi)} 

(77). 

It will shorten the expressions with which we have to deal if we measure y from 

the wall (on the negative side) instead of as hitherto from the plane of symmetry, for 

which purpose we must write y for y-\-yv Thus 

u— cos&cc{ — cos nt-\-e py cos (nt—fiy)} 

V=k^/2^\X^'cos (nt—in)—6~^cos (nt—i-v-Py) 

From (78) approximately 

V3i//=/3v/2. cos kx e~py sin (nt — ^n—Py) . 

(78). 

(79), 

du , dv 7.7 

— -+•— = k sin kx cos nt 
dx dy 

(80), 

u 
d^± dy~yfr 

dx dy 
= ^k/3sh\2kxe ^(—cosPy-\-c ^)+ terms in 2nt . . (81), 

—^kfi sin 2kx e ^(sin fiy-\- cos /3y)-f-terms in 2nt . . (82). 

As in former problems the periodic terms in 2nt will be omitted. For the non¬ 

periodic part of \p of the second order, we have from (66) 

k6 
vh//= — ^-sin 2kxe~P!/{sm /3y-\-3 cos Py — 2e~Py} (83). 

In this we identify y4 with —, so that 

, k sin 2kx e~&, . _ , „ ~ . 
'/'=—jG --J—{e1 n ftj+3 ''Of- fy + ' <• f, i • • • (84), 

to which must be added a complementary function, satisfying yh//=0, of the form 

siul1 (2/j.—2/)+B(2/i—3/) cosl1 2%i—2/)} ■ ■ ■ (85)> 
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or as we may take it approximately, if yx be small compared with the wave-length X, 

i|)=iam^{A,(2/i_3/) + B,(%_2/)3j.(86). 

The value of cr to a second approximation would have to be investigated by means 

of (62). It will be composed of two parts, the first independent of t, the second a 

harmonic function of 2nt. In calculating the part of dfyjdx independent of t from 

0 da da da 
Va<p= —~rr— 

T dt dx dy 

we shall obtain nothing from d<r/dt. In the remaining terms on the right-hand side it 

will be sufficient to employ the values of u, v, a- of the first approximation. From 

in conjunction with (80), we get 

da du dv 

dt dx dy 

■un . , 
<t——— sm kx sin nt, 

whence 

d-<b kud 9 . 

mr=2^-cos kxe^sm^- 

It is easily seen from this that the part of u resulting from d<f>/dx is of order P/33 in 

comparison with the part (87) resulting from xp, and may be omitted. 

Accordingly by (84), with introduction of the value of /3 and (in order to restore 

homogeneity) of u{j2 

-ltd2 sin 2kxe~^, M . _ . „ _ „ . 
u—-—-{4 sm f3y-\- 2 cos (3y-\-e . . . . (87), 

and from (86) 

V — 

U — 

2te02cos 2lexer 

8 ft a 
(sin /3y-f 3 cos fiy-\-^e 

sin 2kx 

8/3a 
{A'+3B \yi-yf} 

(88); 

(89), 

2kud cos 2kx 
s/3a (90). 

When y— 0, the complete values of u and v, as given by the four last equations, 

must vanish. Determining in this way the arbitrary constants A' and B', we get as 

the complete values at any point, 

D 2 
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si n 2hx f „ . , _ „ (y, — ?A2 
« =-——|c : ‘(4 Kin fiii-f- 2 cos/3./+<- ')+f — | J(, ■ (91). 

2Jm{? cos 2lex 
v~ ^{e ^(sin /3y+3 cos $y-\-\e ^+fi%i-y)-f/3(j^^ !• (92). 

?/f 

Outside the thin film of air immediately influenced by the friction we may put 
e-ft/_0} anc[ then 

= -?3^{1-^}.03). 

3u022k cos 2Z;a? 
16a 2/i—2/ 

(3/i—2/)3] 

Vi J 
(94). 

From (93) we see that u changes sign as we pass from the boundary y—0 to the 

plane of symmetry y=yY the critical value of y being ^(1 — \/a)> or ‘423 yY 
The principal motion being u——u0 cos kx cos nt, the loops correspond to kx=0, it, 

27r, . . . , and the nodes correspond to ^7r, f n, . . . Thus v is positive at the nodes and 

negative at the loops, vanishing of course in either case both at the wall y= 0, and at 

the plane of symmetry y—yY 

Plane of symmetry., 

Wall t 
0 ^7T 7T 

loop node loop 

-1 
|tt 

node 

To obtain the mean velocities of the 'particles parallel to x, we must make an addition 

to u, as in the former problems. 

In the present case the mean value of 

du 

dx 

y , du w02sin 21cx e Pv 

S + dy71- 4a 

so that 

u 
it(~ sin 2 lex f 

8a 1 
e“ft,(4 sin ySy+3c“^) + 9(li 

12 
■y)2 

Vi 

When /3y is small, 

/ u = 
^l02 sin 2kx 

8 a 

(95). 

(96). 

Inside the frictional layer the motion is in the same direction as just beyond it. 
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We have seen that the width of the direct current along the wall is '423 ylt and 

that of the return current (measured up to the plane of symmetry) is *577 ylf so that 

the direct current is distinctly narrower than the return current. This will be still 

more the case in a tube of circular section. The point under consideration depends 

only upon a complementary function analogous to (8fi), and is so simple that it may 

be worth while to investigate it. 

The equation for \Jj is 

(97). 

but if we suppose that the radius of the tube is small in comparison with Jc2 may be 

omitted. The general solution is 

xjj= {A+E>r2+BV3 log r+Cr4} sin 2kx.(98), 

so that 

u=\ {2B + B'(2 log?’d- l)-f-4GV2} sin 2for, 

whence B'=:0, by the condition at r„=0. Again 

l cbjr__ _2jc$ Ar i_|_Br+Cr3} cos 2Tex, 
r ax 

whence A = 0. 

We may take therefore 

(99). 

If v=0, when r—R, B+CI1.2=0, and 

n = 2C(2r3—R2) sin 2kx (100). 

Thus u vanishes, when 

The direct current is thus limited to an annulus of thickness '293 It, the return 

current occupying the whole interior, and having therefore a diameter of 

2X707 R= 1*414 R. 



r 
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[Plates 1, 2.] 

The experiments of which an account is given in the following paper originated in a 

desire to investigate further the remarkable anomalies which have been observed in 

the solubility of sulphate of sodium in water. It appears to have been first discovered 

by Gay Lussac (Ann. Chim. Phys., xi., 313) that whilst the solubility of this salt in 

water increases rapidly with rise of temperature above zero, it attains a maximum at 

33° or thereabouts, and above that temperature diminishes till the boiling point (about 

103°) of the saturated solution is reached. 

On referring, however, to the curve of solubility for this salt traced by Gay Lussac, 

or to the numbers published many years afterwards by Lowel (Ann. Chim. Phys. [3], 

xlix., 32), it will be seen that the rate of decrease of solubility, though at first rapid, 

soon slackens, and the descending curve becomes nearly parallel with the axis of the 

abscissas representing temperatures. It appeared probable that if the solubility of 

sulphate of sodium could be traced through a range of higher temperatures, the 

solubility would be found once more to increase, and the curve resume an upward 

direction. 

It was not possible, however, to undertake the investigation of an isolated case of 

this kind without extending the inquiry to the phenomena of solution in general, 

and we have thus been led to consider several questions, which were not immediately 

involved in the subject of our first experiments. One important point which our 

experiments illustrate is the relation, hitherto assumed I’ather than determined, 

between fusibility and solubility. 

In our earlier experiments the ordinary crystallised sulphate of sodium containing 

ten molecules of water of crystallisation was enclosed together with a suitable 

quantity of water in glass tubes, either bent in the middle to an angle of 130 -140°, 

or straight and divided midway by a strainer of fine platinum wire gauze. 

In either case the materials were placed at one end of the tube, which was held 

in an inclined position within an air bath, with double walls, and provided with a 
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thermometer at each end, and a thermostat. The tube and its contents were then 

exposed to the desired temperature for a considerable time, usually about four-and-a- 

half to five hours, so as to ensure complete saturation. By then gradually tilting 

the air bath, which was slung upon suitable supports, the solution was caused to drain 

away from the undissolved residue of the salt, and the whole was then allowed to cool. 

Finally the tube was cut open, the end containing the solution was weighed, and. 

after removing the solution to a tared dish, was reweighed. The solution was then 

evaporated to dryness with due precautions, and the weight of the dry residue 

determined. From the data so obtained the proportion of anhydrous salt to water 

in the solution was calculated. 

Throughout these operations two tubes were invariably employed in each 

experiment, and two determinations thus made simultaneously. The mean of the 

results was taken. Preliminary experiments were also made which indicated that 

by a proper disposition of the four Bunsen burners used as the source of heat, and 

the employment of the mercurial gas regulator, the temperature of the air bath could 

be maintained within a range of fi; 2° for many hours. We also satisfied ourselves of 

the efficiency of the platinum gauze strainers, by frequently examining the decanted 

solution whilst still warm and liquid. It may also be added that the salts operated 

upon were pure and were almost always specially prepared in the form of agglom¬ 

erated masses of small crystals, with the object alike of exposing a greater surface to 

the action of the solvent, and of allowing the solution to flow away freely when the 

tube was reversed. 

The employment of bent glass tubes was soon abandoned, owing to the difficulty 

of keeping both ends of the tube at precisely the same temperature, also in considera¬ 

tion of the greater risk of bursting to which they were liable. The employment of 

tubes of glass under any form is, in the case of sulphate of sodium, undesirable, as we 

find that this salt has the power of attacking glass at high temperatures in an 

unexpected degree. Consequently, although we succeeded in satisfying ourselves 

that the solubility of sodium sulphate in water at temperatures above the normal 

boiling point of the solution does increase in the manner wre anticipated, the 

numerical results of the successive experiments were not sufficiently concordant to 

show clearly the form of the continuation of Gay Lussac’s curve. It therefore 

became necessary to employ tubes of metal, and of a somewhat different construction. 

In arranging the experiments, which were afterwards extended to many other 

metallic salts, the following considerations had to be taken into account :— 

1. It is necessary to allow the solution to drain away completely from the undis¬ 

solved residue of salt before allowing the tube to cool; otherwise a part of the 

dissolved salt may be deposited, and the solution collected for analysis would be 

weaker than it should be. Provision is made against this source of error in the metal 

tube we have used in the later experiments. 

2. If the two extremities of the tube are not kept at absolutely equal temperatures, 
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distillation of water from one part to another will take place. A paraffin bath 

appeared to offer greater probability of uniformity than an air bath, and was con¬ 

sequently employed in most of the best experiments.* 

3. Further, it is obvious that the part of the tube not occupied by salt and 

solution must be filled with vapour of water, which, on cooling, will condense to the 

liquid state, and mix partly with the undissolved residue and partly with the 

solidified solution which has been drained away. Unfortunately, too, this circumstance 

is complicated by the fact that the tension of such water vapour is not that which 

would be given by pure water, but is the smaller tension given by the saline solution 

contained within the tube. 

By ascertaining the volume of this vapour, approximate correction of the results 

can be effected with the aid of the tables of vapour tension of salt solutions, published 

by Wullner (Poggend. Ann., ciii., 529 ; cx., 564). 

In any case the error on this account could not be great, but we nevertheless 

thought it advisable to make a few experiments with the object of testing directly 

its probable magnitude. 

A number of bent glass tubes containing crystals of sodium sulphate, Na.2SO4.10HoO, 

in one limb, were sealed up and heated in a paraffin bath to temperatures ranging 

from 115° to 150°, the experiment being conducted in all respects as if a solubility 

were to be determined, except that the solution was not decanted. They were then 

allowed to cool, cut in two at the bend, and the end remote from the salt was at 

once closed by a stopper and weighed. It was then dried and re-weighed. Sub¬ 

sequently its capacity was ascertained. The following were the results :— 

Experiment. Weight of Water. 
Difference. 

No. Calculated. Found. 

grm. grm. grm. 
1 •0103 •0153 + •0050 
2 •0102 •0116 + •0014 
3 •0141 •0129 -•0012 
4 •0067 •0061 -•0006 
5 •,0151 •0137 -•0014 
6 •0106 •0173 + •0067 

As the quantity of solution dealt with was never less than 4 grms., and was 

generally about 8 grins., it is obvious that the greatest error to be expected on 

account of occasional slight distillation from inequality of temperature, or on account 

of the water vapour always present, is inappreciable. When the metal tube is used 

the error is still less, because its greater mass and superior conducting power are 

favourable to the maintenance of a constant temperature. 

Attempts were made to employ a metal tube provided with valves of various kinds, 

* The bath was in fact carefully tested, and the constancy of its temperature ascertained. 

MDCCCLXXXIV. E 
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arranged so that after draining the solution from the residual crystals it was shut off 

in a portion of the tube of known capacity, further entrance or escape of vapour being 

prevented, the risk of an impoverished solution continuing to drain into it during 

cooling being also done away with. But though we were successful in getting such a 

tube constructed, the difficulty of working it and of keeping it in working order, led 

us to abandon it in favour of a simpler form. 

4. The influence of pressure.—Mr. Sorby’s experiments (Proc. Boy. Soc., xii,, 538) 

show that pressure exerts an influence upon the solubility of salts in water, but the 

effect due to the pressure existing at high temperatures in our tubes is too small to 

affect materially these estimations of solubility. In our experiments, with only two 

or three exceptions, the pressure of the vapour in the tube could never have exceeded 

some 10 or 12 atmospheres. 

5. The choice of salts at our disposal is more limited than might be expected.—In 

some cases the solubility becomes so great at temperatures above 100°, that quan¬ 

titative experiments were found to be impracticable. In others, as may be supposed, 

water at high temperatures decomposes the salts with formation of precipitates, or 

other signs of chemical change. 

In one case, namely, chloride of barium, the crystals of the salt fall to a powder, 

from which it was found impossible to withdraw the solution. 

6. We intended originally to have made a much larger number of determinations 

at temperatures above 200°, but it was not found practicable, partly in consequence 

of the difficulty of maintaining constant so high a temperature in the air bath (and 

paraffin could not be used), partly because the pressure at 250° and above becomes 

so considerable (amounting probably to about 30 atmospheres), that the lead washer 

in the joint of the metal tube was forced out, no matter how tightly the parts were 

screwed together. 

The melting point of the most fusible salt tried (silver nitrate, m.p. 217°), is easily 

reached, but its solubility at temperatures far below this was so excessive that further 

determinations became impossible. 

The apparatus finally adopted is represented (half-size) in Plate 1, figs. 1 and 2. 

The tube is made of gun metal, electroplated with silver all over. The two parts screw 

together at C. Each of the faces, b, b, b', b', has two circular grooves cut in it, an 

electroplated lead washer fits between these two faces, and when the proper amount of 

pressure is applied in screwing up, the lead is forced into these grooves. Plate 1, 

fig. 1 b, shows the end of B. It is hexagonal for convenience in screwing up. a, a, 

is a disk or screen of silver having a semicircular opening, e, cut through it. When 

the tube is closed, a does not quite touch f. By means of the handle h, the tube may 

be turned round its longitudinal axis in its support during an experiment, so that 

liquid may be free to flow from A to B through e, or not, as may be desired. In using 

the tube the materials are placed in A, a disk of platinum gauze is placed above at 

about g, and the two parts are screwed together very firmly. The tube is then placed 
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in an adjustable cradle (Plate 1, fig. 2), which consists of a stout beam of wood, B, 

supported by a horizontal rod of iron which passes through o, and serves as a pivot on 

which the beam can turn. Attached to the upper side of this beam is an index, 

which moves against the face of a semicircle of wood S, fixed rigidly to the rod on 

which B turns. The index can be pinned to the semicircle at the holes h, h, h, h, 

so that the beam can be inclined to the horizontal at any desired angle. The cradle 

of sheet copper, C, is supported by the w7ires iv, u\ and in this the tube lies. 

The tube being in position in the cradle, with the end B slightly elevated, and the 

opening e in the screen downwards, the whole is lowered into a paraffin bath by 

lowering the rod which supports the beam, and which is itself fixed by an ordinary 

clamp to the upright of a large retort stand. After heating at a steady temperature 

for four-and-a-half or five hours, the end A of the tube is raised, and B depressed, very 

gradually, keeping the whole tube below the surface of the paraffin. When time has 

been allowed for the solution to drain away, the tube is turned half round its long 

axis by the handle h, so that the screen is interposed between the solution and the 

residual salt, and so liquid from the latter is prevented from continuing to drain 

into the former. The tube is then placed in a position more nearly horizontal, but 

still with the end A raised somewhat higher than B, which now contains the solution. 

The cradle, with the tube, is then lifted from the bath, and allowed to cool in the 

air. When cold it is opened, the disk is removed, and a stopper placed in the mouth 

of B. After cleansing the outside of the tube by washing in benzoline, the tube and 

solution are weighed. Then the solution, which is usually in a solid or semi-solid 

state, having been removed to a tared dish for analysis, the dry tube is finally 

reweighed. 

The capacity of B to the mouth was 16'4 cub. centims. 

The results given below with sodium sulphate show that the process yields very 

satisfactory results. It necessitates, however, a good deal of trouble, and each 

experiment occupies more than a day. 

In order that our results might be readily compared w7ith the determinations made 

by other experimenters at lower temperatures, we have added many of these latter 

to the tables. The numbers are taken from the several original sources, and have 

been recalculated to show the weight of salt in 100 parts of water when not so 

given in the memoir referred to. In the curves which accompany the tables the 

results of other experimenters are put in dotted lines. We have also added at the 

head of each table the melting point of the salt. For these we have adopted the 

values obtained by Professor T. Carnelley (Jour. Chem. Soc., 1876, i., 489 ; 

1878, i., 273), though in one or two cases, where data were not to be found, a rough 

determination of the melting point has been made by ourselves. 
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Solubility of sodium sulphate.—Melting point 860° C. 

Observer. Temperature. 
Anhydrous salt Na-2S04 
in 100 parts of water. 

Gat Lussac (Ann. Chim. 
o 
0 5-02 

Phys., si., 312) 11-6 10-12 
13-3 11-74 
17-9 16-73 
25'0 28-10 
287 37-35 
307 43-05 
31-8 47-37 
327 50-65 

Lowel (Ann. Chim. Phys. (33 50-76 
[3], xlix., 42) (34 55-00 

407 48-78 
45-0 47-81 
50-4 46-82 
597 45-42 
70-6 44-35 
84-4 42-96 

T. and S. 100-0 42-41 
Gat Lussac 1031 42-65 
T. and S. 120 a. 41-9 b. 42-0 Mean 41 "95 

140 a. 41-9 b. 42-1 „ 42-00 In the 

160 a. 42-8 b. 43-0 „ 42-90 > metal 

180 a. 44"2 b. 44'3 „ 44-25 tube. 

230 „ 46-40 

In this table and curve (Plate 1), the results of Lowel between 33° and 34° are 

substituted for those of Gay Lussac, as being probably more correct. At 34°, or a 

fraction above, crystals of the ordinary salt with 10H2O melt, and, if the experiment 

be conducted with due care, without separation of anhydrous salt. Such a liquid is 

a solution of 78'8 parts of Na3S04 in 100 parts of water, and falls naturally into its 

place at the highest point of the curve. 

The solubility of sodium sulphate at 100° was determined in several ways, in order 

to ascertain whether the mode of operating had any influence on the result. 

(a.) By heating up crystals of the decahydrated salt, without addition of water, 

in a bath of constant temperature. 

(b.) By dropping crystals of the same salt into water, heated and maintained 

at 100°. 

(c.) By adding the anhydrous salt to water at 100°. 

The result was the same in each case. 

Reference to the curve will show that, as we anticipated, the solubility of sodium 

sulphate does increase again when the temperature is carried high enough. 

The peculiarities of sodium sulphate in regard to its solubility have always formed 

an interesting problem, but we venture to think its interest is enhanced by this 
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discovery, because it seems impossible, by appeal to the commonly received theories of 

solution, to find a satisfactory explanation of all the facts of the case. If we admit that 

sodium sulphate, placed in contact with water at temperatures below 34°, dissolves 

in virtue of its power of entering into union with water to form liquid hydrates, 

the diminished solubility above that temperature must be due to dissociation of 

these hydrates, and production of the anhydrous salt, which is apparently much less 

soluble. What then is the cause of the much greater solubility of the ordinary 

crystals in which the salt is already united with a large quantity of water, and how 

can we explain the fact that the anhydrous salt increases in solubility in accordance 

with the common rule when the temperature is raised ? The explanation appears to 

be found in the difference of fusibility of the two compounds, NagSO^lOHoO melting 

at 34°, and Na3S04, which melts at 860°. 

There is nothing new in the idea that readiness to melt by heat is associated with 

disposition to dissolve by contact with liquid solvents, for even so far back as 1819 we 

find Gay Lussac quoting with approval a still older explanation given by Lavoisier 

(‘Traite Elem. de Chimie.,’ ii., 39)* of the action of heat in causing increase of solubility. 

B ut we are not aware that it has been definitely brought to the test of experiment 

before. 

Supposing a substance heated with a solvent to the melting point of the former, 

three cases might present themselves :— 

(a.) The liquids might be miscible in all proportions. 

This is true of sulphate of sodium at 34°. The melted salt, Na3SO410HoO, may be 

mixed with an indefinitely small quantity of water, or in other words is infinitely 

soluble. 

We have also ascertained that it is nearly true of benzoic acid, which melts at 120°. 

This compound is stated to be soluble in about 600 parts of water at 0°, in 200 parts 

at 18°, in 25 parts at 100°. By sealing it up with water in a glass tube and heating 

to a few degrees beyond the melting point, intermixture occurs in all proportions, and 

the liquid so obtained on cooling to 120°, or about 1° lower, becomes turbid from 

deposition of oily drops, which, however, immediately crystallise. 

(b.) The solvent might become saturated and the excess of undissolved substance 

remain over in a liquid state. 

(c.) Or both might become saturated, the one with the other, forming two distinct 

liquids. 

This occurs in the case of phenol (carbolic acid) and certain of the fatty series of 

acids, besides other well-known substances. 

Supposing either b or c to occur, the two liquids become miscible when the 

temperature is raised, as may easily be shown in either of the cases referred to. 

But the connexion between fusibility and solubility, though proved, does not wholly 

explain the nature of the initial stage in the process of solution of a solid. It does, 

* In the reprint of Lavoisier’s works, vol. i., p. 305. 
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however, strongly support a kinetic theory of solution based on the mechanical theory 

of heat. The solution of a solid in a liquid would accordingly be analogous to the 

sublimation of such a solid into a gas, and proceeds from the intermixture of molecules 

detached from the solid with those of the surrounding liquid. 

Such a process is promoted by rise of temperature, partly because the molecules of 

the still solid substance make longer excursions from their normal centre, partly 

because they are subjected to more violent, encounter with the moving molecules of 

liquid. Such a view does not necessarily involve the assumption of an “ attraction ” 

between the molecules of the solvent and those of the solvend (compare Dossios, 

Jahresb., 1867, 92 ; and Nicol, Phil. Mag., Feb., 1883). 

Indeed, it is difficult to disconnect “ attraction ” from the idea of combination 

resulting from such attraction. In some of the cases we are considering, as for 

instance the solution of anhydrous sulphate of sodium in water at 100°, nothing like 

combination between the water and salt seems to occur. 

We have satisfied ourselves by direct experiment that anhydrous sulphate of sodium 

at the temperature of 100° dissolves in water at the same temperature without any 

sign of previous combination, and the solution so prepared contains exactly the 

same amount of solid as the solution made by gradually heating up a solution 

prepared at a lower temperature. But when anhydrous sulphate of sodium is 

introduced into water below 34°, all the phenomena of combination are manifested, 

and the salt sets into a solid crystalline mass previous to dissolving. 

Whilst, therefore, we still think the act of hydration a factor in a great many 

cases of solution, it appears that it must be abandoned as a hypothesis of general 

applicability. 

We now proceed to describe the results we have obtained with other salts. 

Calcium sulphate.—Melting point a red heat. 

Sullivan (Hep. Brit. Assoc., 1859, 292) states that he has proved this salt to be 

insoluble in water at 150°, but we can find no detail of any experiments of his. 

Couste (Ann. des Mines [5], v., 140-144) describes experiments upon the solubility 

of calcium sulphate at high temperatures, but they appear to have been all made 

with sea-water, and there are many objections that might be raised to his mode of 

operating. 

In our experiments pure precipitated calcium sulphate, which had been most 

thoroughly washed, was used and distilled water. Glass is rapidly attacked by the 

solution, and the determinations were therefore made in the silvered metal tube. 
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Observer. Temperature. 

Poggiale (Ann. Chim. 
O 

0 
Phys. [3], viii., 469) 20 

35 
70 

100, &c. 
T. and S. 140 Exp. 1. -080 

„ 2. -076 
„ 3. -080 

160-165 „ 1. -056 
„ 2. -056 

175-185 „ 1. -024 
178-183 
240 
250 

„ 2. -030 

Parts of CaS04 in 100 of water. 

•205 
•241 
•254 
■ 0/1,4 

•217, &c. 

Mean -078 

„ -056 

„ -027 

•018 
•018 

(See Plate 2.) 

This curve is interesting as having considerable resemblance to that of sodium 

sulphate. Experiments at 250° were repeated, but without any indications that the 

solubility was about to increase, and this was the highest temperature at which we 

have been able to work. Calcium sulphate is much less fusible than sodium sulphate, 

and we could not therefore expect that a change would be observable in the direction 

of the curve, unless the temperature were carried much higher than we found it 

possible to go. 

Potassium sulphate.—Melting-point ?. 

Temperature. Parts of KoS04 in 100 parts of water. 

Gat Lussac. T. and S. 

O 
0 8-3 

127 10-5 
16 976 
20 10-30 
28 12-59 
36 13-28 
39 14-21 
49 16-9 
59 17-39 
63-9 19-2 
98 23-91 

101-5 26 
120 26-5 
143 28-8 
170 32-9 

(See Plate 1.) 

These results give a curve which is nearly a straight line. Our figures are 

uniformly somewhat lower than those of Gay Lussac. Curves constructed with the 
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two sets of figures are nearly parallel. Hence we think it possible that the salt used 

by Gay Lussac may have been slightly acid. On the other hand, our own results 

at temperatures above 120° may be somewhat too low. 

Copper sulphate. 

Temperature. 
Parts of CuS04 in 100 parts 

of water. 

120 90-1 
135 85-5 
140 84-4 
157 82-0 
188 74-5 

These results are of do value as showing the solubility of the salt, for at tem¬ 

peratures above 120° chemical action ensues, with production of a green basic sulphate. 

And even at 120° there is reason to suppose that decomposition has commenced, 

inasmuch as 90 d is below the solubility that would be inferred from a consideration 

of the solubilities (see Poggiale, Ann. Chim. Phys. [3], viii., 467) determined at 

lower temperatures. 

Sodtum chloride.—Melting point 772°. 

Temperature. Parts of salt in 100 parts 
of water. 

0 
118 
140 
160 
180 

39-S'l , 
42’1 exP- maf’-e 
43- 6 r in the 
44- 9 J metal tube- 

(See Plate 2). 

Reference to the curve shows that the solubility increases at temperatures above 

100° faster than below. 

Potassium chloride.—Melting point 734°. 

Temperature. 
Parts of salt in 100 parts 

of water. 

0 
125 59'6 in metal tube. 
133 
144 
175 

69 3 ) • , 
70'8 lm §1ass 
75-2 j tube- 

180 77'5 in metal tube. 
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Potassium bromide.—Melting point 699°. 

Temperature. Parts of salt in 100 parts 
of water. 

140 120'9 in metal tube. 
181 145-6 

Potassium iodide.— -Melting point 634°. 

Temperature. Parts of salt in 100 parts 
of water. 

124 233-9 V 
133 249'3 ( in glass 
144 264-6 ( tube. 
175 310-4 ) 

(See Plate 2.) 

These results, when expressed graphically, correspond in each case very nearly to 

a straight line. And when the four preceding salts are compared together they 

serve to illustrate very well the relation of solubility to fusibility. In Plate 2, 

iodide of potassium, the most easily fusible, is shown to be not only the most 

soluble at common temperatures, but its solubility increases at a more rapid rate 

than either of the others, which follow in succession. 

Potassium nitrate.—Melting point 339°. 

Two determinations of the solubility of this salt were done at 125°. At this 

temperature 100 parts of water dissolved— 

Exp. I. 495‘9 parts of salt, KN03. 

Exp. II. 4927 

From the great solubility of the salt at higher temperatures, and the peculiar 

viscosity of the solution, in consequence of which it was difficult to separate it from 

the solid, no determinations of any value could be obtained in the experiments made 

at 180° and thereabouts. 

Silver nitrate.—Melting point 217°. 

Notwithstanding the extreme solubility of this compound, two pairs of concordant 

determinations were made. 

Temperature. Parts of salt dissolved in 100 parts 
of water. 

125 
133 

1622-5 1 • , , , 
1941-4 / in §’lass tube- 

(See Plate 1.) 

F MDCCCLXXXIV. 
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Beyond this temperature it was useless to attempt quantitative experiments, as 

we already have nearly 20 parts of salt dissolved in 1 part of water. It may he 

observed that this corresponds to rather more than two molecules of silver nitrate, 

AgN03, to one molecule of water. This, therefore, is an example of a solution in 

which it is difficult to conceive the existence of liquid hydrates. It must rather be 

regarded as melted silver nitrate mixed with a small quantity of water. 

Potassium chlorate.—Melting point 359°. 

Temperature. Parts of salt in 100 parts of water. 

120 73-7 1 
136 98-9 > in glass tube. 
160 148-0 
190 183-0 in metal tube. 

(See Plate 2.) 

Barium chlorate, Ba(C103)3.—Melting point of the anhydrous salt about 400°. 

Temperature. 
Parts of Ba(CI03)2 dissolved by 100 parts 

of water. 

o 
116 195-5 ] 
135 287'4 > in glass tube. 
146 365-6 J 
180 522"6 in metal tube. 

(See Plate 2.) 

This salt gave some trouble, partly on account of its considerable solubility, partly 

from the viscosity of the solution. No oxygen was found in any of the tubes after 

heating, but two tubes were split in a somewhat singular manner by the solution in 

process of solidification during cooling. 

Potassium dichromate, K3Cr207. —Melting point about 400°. 

Temperature. 
Parts of salt dissolved by 100 parts 

of water. 

O 
117 128-3 1 
129 
148 

153-8 
200-6 >• in glass tube. 

180 262 7 J 

(See Plate 2.) 
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Barium acetate, Ba(C2H30!2)3.—Melting point of the anhydrous salt about 450°. 

Temperature. 
Anhydrous salt dissolved by 100 parts of 

water. 

O 
22 48-5 
40 76-5 
60 79-0 

110 79-3 1 
130 85-6 > in glass tube. 
136 91-9 J 
180 141'6 in metal tube. 

(See Plate 2.) 

This salt was examined chiefly because it had been represented as an example of 

solubility diminishing with rise of temperature. When these results are plotted out 

the curve does suggest a change of this kind, and it is possible that acetate of barium 

may resemble sulphate of sodium and sulphate of calcium in parting with its water 

of crystallisation when the solution is heated. It is known to yield crystals containing 

one molecule of water of crystallisation when deposited from a warm solution, or three 

molecules of water when crystallised by cooling a weaker solution. It is probable that 

the peculiarities of its solubility are connected with the fusibility of these hydrates 

respectively. 

Calcium Hydrate. 

This compound is known to be less soluble in hot water than in cold water. We 

have made some experiments at temperatures above 100°, but as the solution seemed 

to attack the metal, and the quantity of liquid we could operate upon is but small, 

the results are of no quantitative value. 

Summary. 

Altogether we have examined sixteen salts, whereof three, namely, barium chloride, 

copper sulphate, and calcium hydrate, gave no results at high temperatures for 

reasons already given. Barium acetate presents anomalies which cannot be explained 

without further inquiry. Sodium sulphate and calcium sulphate are salts which 

certainly exist in solution in two forms, that is, in chemical combination with water 

and in the anhydrous state. 

The remaining ten salts, with one exception, barium chlorate, form crystals which, 

when deposited from solution at any ordinary temperatures, contain no water of 

crystallisation. 

It is almost fair to infer, though of course it is not certain, that these salts do not 

combine with water when the temperature is raised, and therefore when in solution at 

high temperatures exist there in the anhydrous state. 

E 2 
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Concerning these ten salts the following remark may be made. If we write them 

down in the order of their melting points, beginning with the most fusible, we do not 

indeed find that the figures expressing their solubilities follow the same order. 

Though it is true that one example of this may be seen in the iodide, bromide, und 

chloride of potassium, such a relation could hardly be expected to be general amongst 

the rest, differing as they do in composition and in other properties. But if their 

solubilities are compared at temperatures of 100° and above, we find that the rate 

of increase of solubility follows the order of the melting points. In other words the 

ratio of the solubility at, say, 180°, to the solubility at 100°, is greatest in the most 

easily fusible, whilst the rest follow in regular succession. This is shown in the 

following table. 

Formula 
of salt. 

Melting 
point. 

Parts of salt* dissolved by 100 parts of 
water at 

Ratio of 
VI. to IV. 

Ratio of 
VI. to V. 

Ratio of 
V. to IV. 

0° 100° 130° 180° 

1. n. III. IV. V. VI. VII. VIII. IX. 

AgNOg 217 121-9 830 1825 ? 2-20 
KNOg 339 13-3 265 565 ? 2-13 
KClOg 359 . 3-3 56-5 88-5 190 3-36 2U 1-56 

K2Cr007 400 - 4-9 102 156 285 2-79 1-82 1-52 
KI ' 634 130 204 243 327 1-60 1-34 1-19 

KBr 699 53-4 102 118 143 1-40 1-21 1T5 
KC1. 734 29-2 56’5 66 78 1-38 1-18 1.16 

NaCl 772 35-5 36-6 40-3 44-9 1-23 111 1-10 
Na^SCfi 860 hydrates hydrates 42-0 44-2 1-05 
K.SO, f ? 8-3 25 28 34 1-36 1-21 112 

The only salt which does not fall strictly into order is potassium sulphate; but 

concerning this we are in doubt as to the melting point, and since it gave a good 

deal of trouble the determinations of solubility at the higher temperatures may not 

be quite exact. It is difficult to believe that the relation we have indicated is merely 

accidental. 

* The solubility, when not the result of a direct experiment, is taken from the curve by 
interpolation. 

t The melting point of potassium sulphate is doubtful. It is probably higher than that of sodium 

sulphate. According to Carnelley (loc. cit.) the potassium salts generally melt at temperatures above 
the melting points of the corresponding sodium salts. Thus : 

NaNOg, m.p. 316°, KNOs, m.p. 339°. 

On the other hand- 

NaClOg, m.p. 302°, 

Nal, m.p. 628°, 
Na3C03, m.p. 814°, 

KC1, m.p. 734°, 

KC103, m.p. 359°. 

KI, m.p. 634°. 
K0CO3, m.p. 834°. 

NaCl, m.p. 772°. 
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1. The experiments to be described in this paper were undertaken in order to ascertain 

whether solids have definite volatilizing* points under different pressures, as liquids 

have definite boiling-points, and whether these pressures are identical with their 

vapour-tensions at those temperatures. 

It has been long known that arsenic, which volatilizes without melting under 

atmospheric pressure, melts when the pressure is raised; and some years ago 

Carnelley proved that ice, mercuric chloride, and camphor do not melt below certain 

pressures peculiar to each substance; but above these pressures they melt when 

heated. He proposed the term “ critical pressure ” to denote that pressure below 

which a solid cannot melt. Preliminary experiments appeared to show that the solid 

might be raised in temperature above its ordinary melting-point without melting ; 

but it has since been experimentally proved that this is not the case. 

In January, 1881, shortly after the publication of Carnelley’s experiments, one of 

us read a paper before the Chemical Society of the Owens College, in which it was 

pointed out that, theoretically, at pressures below the triple point of Jas. Thomson, 

water should be unable to exist as such. It was at that time experimentally 

undecided whether ice could be heated above 0° C. or not; and the annexed diagram 

(fig. 1) was designed to show the relations of solid, liquid, and gas, to temperature 

and pressure. 

A somewhat similar diagram was subsequently published in ‘ Nature ’ by Petterssen, 

(June 23rd, 1881), which, however, did not show Jas. Thomson’s ice-steam line, and 

in which the triple-point was placed below, instead of above 0°. This was pointed 

out in a letter to ‘ Nature’ (July 14th, 1881). 

2. Although it appeared extremely probable that the temperature of a solid corre¬ 

sponding to a definite vapour-tension is identical with the temperature at which it 

* By the term “ volatilizing” we wish to imply the condition of a solid analogous to that of a liquid 
when it is said to be “ boiling ” ; and not the mere passing oil into vapour analogous to evaporating in 

the case of a liquid; in other words, the “ volatilizing point ” of a solid at a given pressure is the 
maximum temperature to which the solid can attain under that pressure. 
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volatilizes under the same pressure, yet it has never been satisfactorily proved. It is 

true that Mr. J. B. Hannay states that in experiments performed to disprove the 

possibility of raising the temperature of ice above 0°, for which a Florence flask was 

used, the bulb being placed in a freezing mixture, while the neck, in which a 

thermometer surrounded with ice was suspended, was heated by a Bunsen’s flame, 

the temperature of the bulb or condenser was nearly identical with that of the ice. 

From our experiments we know that the temperatures of the freezing mixture and of 

the condenser are never identical, and Mr. Hannay failed to describe any arrange¬ 

ment by which the internal temperature of the condenser could be found. 

Fig. 1. 

The experiments of Petterssen are more conclusive. By connecting the apparatus 

with a manometer he found that when the block of ice surrounding the thermometer 

was at any given temperature, the pressure in the manometer roughly corresponded 

to the vapour-tension of ice at the same temperature; but as he published the results 

of only two experiments, and as the errors are comparatively large, the question could 

not be regarded as settled. 

3. We resolved first to study the behaviour of ice at low pressures. For this 

purpose an apparatus was constructed which we afterwards found to have some 

resemblance to that described by Boutlerow (I. Buss. Phys. Cliem. Soc., 1881, i., 

316). The annexed figure (fig. 2) shows its form. 

It was found that the leakage of air into the apparatus through the indiarubber 

connexions was extremely minute, and that an almost perfect vacuum could be main¬ 

tained for several days. *• 

4. The plan of operation was as follows Both bulbs were filled with water 

through the opening at E, and the water was boiled down until reduced to the volume 

of the bulb B. While the water was boiling, the screw-clip at E was closed, and the 

flames then removed. After cooling, the water was transferred to B, which was 

placed in a freezing mixture. When the water was frozen the bulb was gently 
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warmed, and the water which had melted from its interior surface transferred to A. 

The bulb A was then surrounded by a freezing mixture, and by gently warming B, 

all ice in contact with the sides was removed. The bulb B was now surrounded with 

boiling water, and the temperatures registered by the thermometers in A and B were 

carefully observed, while the temperature of the freezing mixture was altered from 

time to time. 

Fig. 2. 

A. Bulb, named condenser, placed in freezing-mixture. 

B. Pear-shaped bulb, containing a block of ice, C, frozen round thermometer. 

D. D'. Narrower tnbes fused on to the wider tubes, through which the thermometers 
passed, secured by wired indiarubber connexions. 

E. Exit tube for steam, closed by indiarubber tube and screw-clip. 
F. Hot bath of water or paraffin. 

G. Freezing mixture of hydrochloric acid and ice. 

During freezing the phenomenon of supersaturation was nearly always observed. 

The temperature fell occasionally as low as —11°, while the water was still liquid. A 

sudden formation of ice then occurred, and the temperature rose to 0°. After remain - 

ing constant for some time while ice was being formed on the sides of the bulb, we 

were surprised to find the temperature fall below 0° (on one occasion as low as —10°), 

before the whole of the water was frozen. This we afterwards ascertained to be 

owing to the thermometer transferring heat to the ice with which it was in contact, 

and which was cooled by the freezing mixture, for the temperature of the water had 

not fallen below 0°. 

5. The pressure in the apparatus could be increased only by raising the tempera¬ 

ture of the condenser or by admitting air. The former has the effect of increasing the 

total pressure of water-vapour, and also of the air already contained in the apparatus, 

and can be calculated from the tables of tension of vapour in contact with ice, given 

by Regnault. An attempt was made to measure the pressure of the air present by 

inverting the apparatus and transferring all the air to one bulb, and then reading the 

difference in level of the water in the two limbs; but as the apparatus itself is such a 

delicate air-thermometer, it was found impossible to obtain satisfactory results. The 

amount of air was therefore calculated by a method which will appear hereafter. 
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6. The first series of readings gave the following results :— 

Number of 
readings. 

Mean temperature 
of condenser. 

Mean temperature 
of bulb. Difference. 

Difference 
calculated. 

O 
Q O O 

7 -11-1 -8 3-1 3-2 
1 - 9-2 -6-4 2-8 2-8 
4 - 8-05 -5-6 2-45 2-5 
4 - 5-5 -3-3 2-2 2-3 
6 - 3-2 -1-3 1-9 1-9 

The second series gave similar numbers :— 

Number of 
readings. 

Mean temperature 
of condenser. 

Mean temperature 
of bulb. Difference. Difference 

calculated. 

O O O 
4 — 17-7 -9-35 8-35 8-35 
1 -16-7 -8-9 7-8 7-9 
3 -15-5 -8-3 7-2 7-4 
4 -14-5 -7-6 6-9 6-9 
3 -13-6 -6-8 6-8 6-5 
1 -12-7 -6-3 6-4 6'2 

At this point the bulb of the thermometer became slightly exposed, and it is seen 

that the temperature shown by this thermometer rises more rapidly :— 

Number of 
readings. 

Mean temperature 
of condenser. 

Mean temperature 
of bulb. Difference. 

Difference 
calculated. 

O O O 

2 -11-45 -5-45 6-0 5-7 
3 -10-6 -4-5 6-1 5-4 
9 - 9-0 -3-2 5-8 4-9 

10 - 7-3 -1-5 5-8 4-4 

It is to be observed that in each case the thermometer in the ice-bulb shows a 

higher temperature than that in the condenser, and that as the temperature rises the 

difference decreases. 

7. The question arises :—On what does this difference depend ? The answer which 

naturally occurred to us was that the temperature of the ice depends on the pressure 

in the apparatus, which in its turn depends on the temperature of the condenser. 

Assuming the truth of this hypothesis, it was possible to calculate the pressure 

exerted by the air in the apparatus for any one temperature in the following way :— 

In the first series of experiments the tension, ascertained by Regnault’s tables, cor¬ 

responding to the temperature —30,2 in the condenser, is 3'59 millims.; that corre» 

sponding to the temperature —10,3 of the ice is 4T6 millims. Assuming the tempera¬ 

ture of the ice wholly to depend on the pressure in the apparatus, the pressure would 
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be 4‘16 millims., of which 3’59 millims. are clue to the tension of vapour in the 

condenser, while the difference between 4T6 and 3’59:=0-57 millim. must be due to 

air. Since this pressure of air is nearly constant throughout the experiment, the 

slight variation being due to difference in temperature of the apparatus, which can 

be approximately allowed for, it is possible to calculate from Regnault’s table the 

variation in temperature of the ice caused by altering the temperature of the condenser. 

For instance, the lowest temperature of the condenser in series I. is — 11°*1 ; this 

corresponds to a pressure of 1'905 millims. ; the total pressure in the apparatus is 

therefore 1‘905 + 0‘570=2,475 millims., and the corresponding temperature is — 70,9 ; 

the temperature observed being —8o,0. 

In the second series the pressure of the air found as above is 1'08 millims., the 

lowest temperature being taken as the basis of calculation. The agreement between 

the calculated and found differences is seen to be close until the bulb became exposed, 

when its temperature rose more rapidly. 

8. As it was sufficiently proved by these experiments, which were confirmed by 

numerous others, that our hypothesis is fairly in agreement with experimental 

evidence, it was decided next to admit small quantities of air, and to ascertain what 

rise in temperature the ice underwent. But as a very small amount of air causes 

a great difference in temperature, we were unsuccessful in measuring the exact 

amount of each addition. In order to do this, it was necessary to have as nearly as 

possible a perfect vacuum in the apparatus. For this purpose a litre of distilled 

water was boiled down to about 200 cub. centims. and introduced, while almost at its 

boiling-point, into the apparatus. The thermometers were not inserted until steam 

was issuing rapidly from the three orifices. Before inserting them they were held for 

some time in the steam, so as to remove any adhering film of air. It was evident that 

the bulbs were nearly vacuous, for two columns of water enclosing vapour came com¬ 

pletely together without showing any trace of a bubble of air. It is right here to 

observe that all attempts to produce a complete vacuum with the Sprengel’s pump 

which we then possessed were totally unsuccessful 

After the apparatus was in order the freezing mixture was changed, and the 

temperature of the ice fell to —17°; the temperature of the thermometer in the 

condenser, however, fell very slowly, owing possibly to absence of convection 

currents. The temperature of the ice rose, while that of the condenser fell, until at 

— 13° they were equal, and remained constant for a considerable time. It thus 

appears that the temperature of volatilization of the ice is —13° when the pressure in 

the apparatus is equal to the vapour-tension of ice at that temperature. A minute 

quantity of air was then introduced ; the temperature of the condenser was now 

—120-6, while that of the ice rose at once to — 60,7, and then remained stationary. On 

a second addition of air, with the condenser at —120,9, the temperature of the ice rose 

to —10,5 Thus, with no air, the difference between the readings of the two ther¬ 

mometers was 0° ; after the first addition, 50-9, and after the second addition of air, 11°-4. 
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9. In Section 7 it was stated that the alteration of the temperature of the condenser 

influenced the pressure in the apparatus. Indeed, any alteration in the temperature 

of the apparatus must influence the pressure due to air ; hence it follows that if the 

temperature of the bath is altered, the pressure in the apparatus must also be altered. 

When the temperature of the bath is kept constant the pressure due to ah’ alters 

only with alteration in the temperature of the condenser, and its change is therefore 

very small. To ascertain the effect of changing the temperature of the bath, the 

following experiment was made :— 

Temperature 
of bath. 

Temperature of 
condenser. 

Temperature 
of ice. Pressure. Difference 

found. 
Difference 
calculated. 

O millim. 
75 -11 -6-3 0-890 4-7 4-7 
85 -10-8 -6-1 0-905 4-7 4-8 

100 - 9-5 -5-0 0-930 4'5 4-4 
110 - 9'1 -4-7 0-948 4"4 4-4 
120 - 8-8 -4-3 0-962 4-5 4-35 
140 - 8-2 -3-7 0-990 4-5 4-25 

In this experiment the capacities of the condenser, of the bulb, and of the whole 

apparatus were known ; the pressure (0‘89 millim.) was calculated from the lowest 

reading, and the difference in pressure was calculated from the observed temperatures 

and volumes of the various parts of the apparatus. 

The agreement between the observed and calculated results is sufficient to give 

probability to the above hypothesis. 

10. These results, although fairly conclusive, are all deduced from the behaviour of 

one substance, ice, which on account of its low melting-point and vapour-tension offers 

considerable difficulties in manipulation. Acetic acid was chosen, and the following- 

series of results were obtained, the method of experiment being precisely similar to 

that followed with ice. Acetic acid melts at 160,4. 
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Temperature Temperature of Temperature Difference. 
of bath. condenser. of ice. 

O O O O 
a. Preliminary. Cold -14-9 + 6-6 215 

Cold - 6-0 9-7 157 
100 - 4'9 9-9 14-8 

70 - 4-3 8-8 13T 
70 - 2-7 10-9 13-6 

Cold + 1-0 13-6 126 

b. Apparatus free from air . . . 75 + 0-9 + 0-6 + 0-3 
75 12-2 11-9 0-3 

c. x cub. centims. of air introduced 80 - 0-6 5-9 6-5 
(Tbe absolute amount of air 80 + 0-9 6-3 5-4 

was not measured). 80 2-3 6-9 4-6 
80 4-3 7-9 3-6 
80 12-9 15-0 21 

d. 2x cub. centims.of air introduced 65 - 8-2 7-0 15-2 
65 - 6-4 7-4 13-8 
65 - 5-8 7-6 13-4 
65 - 4-9 7-9 12-8 
65 - 37 8T 11-8 

■ 80 + 2-1 9-9 7-8 
69 3T 10-9 7-8 
67 5-6 11-8 6-3 
80 8-9 14-9 60 

e. 3x cub. centims. of air introduced 73 - 3-4 121 15-5 

11. Benzene gave a good semi-transparent block of ice, but its vapour caused the 

indiarubber connexions to leak; moreover, its rate of volatilization was so rapid that 

it only partially solidified in the receiver, even at —15°. The consequence was that 

the temperature of the benzene ice was apparently much lower than that of the ther¬ 

mometer in the condenser. Although acetic acid vapour solidified at once on reaching 

the condenser, yet the rapid current of vapour evidently warmed the thermometer in 

the condenser, for its readings are apparently too high. 

12. Naphthalene was next tried, the apparatus being in this case exhausted with 

the pump. 

Temperature 
of bath. 

Temperature of 
condenser. 

Temperature of 
naphthalene. Difference. 

100 — 4°9 73-0 77°9 
-4-1 73-65 77-75 
-3-6 74-15 77-75 
-2-45 74-5 76-95 
—16 74-75 76-35 
-0-5 75-15 75-65 
+ 0-4 75-6 75-20 

5 } + 1-0 76-35 75-35 

” + 2'3 76"8 74-50 

G 2 
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The results with acetic acid and naphthalene generally agree with those obtained with 

ice ; the differences at low temperatures being greater than at high temperatures. 

Owing to the low vapour-tension of naphthalene (9 millim.) at its melting-point 

(79'2), and to the want of data regarding its vapour-tension at lower temperatures, it 

was not thought worth while to make more extended experiments. 

13. Camphor presents unusual facilities for the study of this question. Its melting- 

point is 175°; its vapour-tension at that temperature is 354 millims., and at 20° is 

1 millim. ; a great range is thus secured. 

The apparatus, however, had to be modified in order to permit the tube containing 

the thermometer which supported a block of camphor to be jacketed with a vapour, 

and also to prevent stoppage of the passage by condensation of camphor vapour. 

It is represented in the accompanying figure (fig. 3). 

Fig. 3. 

A. Block of: camphor round thermometer B, inserted in tube. 

C, D. Jacketing tube containing aniline, the vapour of which could he made to 

surround C. 

E. Condenser. 

F. Tube connected with Sprengel’s pump. 

G. Indiarubber tube, closed by screw-clip, through which air could he admitted 

to alter pressure. 

The thermometer was coated by dipping it repeatedly into melted camphor until a 

sufficiently thick layer had accumulated. The tube C was closed by an indiarubber 

cork through which the thermometer passed. The condenser E was placed in cold 

water during the experiment. 

On establishing a fair vacuum, and boiling the aniline so as to jacket the tube con¬ 

taining the camphor with aniline-vapour at 184°‘5, the temperature of the camphor 

rapidly rose, but no sublimation took place until the temperature had nearly reached 

its upper limit. The camphor then rapidly sublimed, and its temperature and the 

pressure indicated by a manometer connected with the air-pump were read. The 

pressure was then altered, and other readings taken. At very low pressures the cam¬ 

phor-vapour passed over into the condenser, which in these cases was cooled with a 
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freezing mixture; but at higher pressures condensation took place in the tube con¬ 

necting: the condenser with the heated tube. 
O 

Pressure. 
Temperature of 

camphor. Pressure. 
Temperature of 

camphor. 

millims. millims. 

17 4P2 92-8 1360-3 
7-2 48'9 105-0 140-3 

15-4 92-4 109-4 141-7 
27’2 101-0 1557 147-0 
35-0 109-4 197-6 154-3 
46'0 116-7 218-5 157-9 
66-3 127-4 240-7 160-1 
88-6 134-2 297-8 168-0 

14. When pressure was gradually increased to 370 millims. the camphor melted, 

and a drop hung from the end of the solid camphor coating the thermometer. By 

lowering the pressure to 358 millims. this drop solidified. The pressure of the solidi¬ 

fication point was confirmed by a second experiment, but the pressure of melting 

seemed to vary. 

15. The tension of camphor vapour in a barometer tube was next determined. 

When carried out with only ordinary precautions it was found impossible to exclude 

moisture, which rendered the results false. Correct results were obtained in the 

following manner. The upper end of the barometer-tube was drawn into a capillary, 

and connected with a Sprengel’s pump ; the whole tube was then jacketed, and sur¬ 

rounded with the vapour of boiling aniline, while a current of dry air was drawn 

through it. Some camphor was then introduced by the lower end, which was imme¬ 

diately dipped under hot mercury. The mercury was then pumped up the inclined 

tube; after it had reached a certain level, the camphor solidified, and adhered to the 

side of the tube. While the mercury rose further, bubbles of camphor vapour rushed 

up the tube, carrying with them all air and water vapour. After the mercury had 

entered the capillary portion of the tube the jacketing tube was slipped down, and 

the capillary tube was sealed through the mercury. We think it right to give details 

of the method of operation, as we found it a matter of extreme difficulty to expel all 

moisture and air. The temperatures given were obtained by jacketing the barometer- 

tube with the vapours of various pure liquids. 

Temperature. Pressure. Temperature. Pressure. 

millims. millims. 
20-0 1-0 132-0 78-1 
35-0 1-8 154-0 188-8 
62-4 6-4 175-0* 354-0 
78-4 9-5 184-5 4310 

100-0 22-6 

* Melting-point of camphor (Gay-Lussac, Ann. Cliim. Phys., ix., 78). 
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The tension was observed three times when the camphor solidified in the barometer- 

tube. The readings differed only by 3"5 millims., and as a mean gave 350 millims. 

The tension at which solidification took place in the bulb-apparatus was observed 

to he 358 millims. The mean of both determinations is 354 millims. 

The annexed figure (fig. 4) shows the curve obtained from both sets of results; the 

pressures corresponding to temperatures of vaporization being indicated by a cross ; 

the vapour-tensions by a dot surrounded by a circle. 

Fig. 4. 

16. It is thus proved that in the case of camphor the pressures corresponding to 

the temperatures of volatilization coincide with the vapour-tensions of solid camphor 

at these temperatures ; and it appears that this assertion can also be made of ice. 

It may be advisable here to point out the difference between the evaporation of a 

liquid and of a solid. When the bottom of a vessel containing a liquid is heated, the 

whole of the liquid becomes hot owing chiefly to convection currents, and evaporation 

takes place only at its surface. When the temperature has reached the boiling point, 

either superheating or ebullition must take place. It would thus seem that the sur¬ 

face is not large enough to afford escape for the gaseous molecules, and in the former 

case the temperature of the liquid rises indefinitely, whereas in the latter the liquid 
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increases the extent of its surface by the formation of bubbles. In the case of a 

solid it is obvious that the surface is of limited extent, and it might therefore be 

expected that the solid should rise in temperature. Reasoning thus, the possibility 

of the existence of hot ice was maintained by OaRnelley and other writers in a series 

of letters which appeared in ‘ Nature ’ during the years 1881 and 1882. 

On the other hand, a liquid in the spheroidal state presents a free surface of 

evaporation in every direction, and yet, although exposed to the radiation of a white- 

hot surface, its temperature does not rise to the boiling-point (Balfour Stewart, 

‘Treatise on Heat,’ 3rd edition, p. 124) ; and we find that when water is heated in a 

platinum basin by means of a blowpipe flame impinging on its surface, its temperature 

cannot be raised above 90°. In these cases the surface appears to be large enough to 

allow all vapour to escape with sufficient rapidity to prevent superheating. 

If, then, the rate of evaporation at the surface of a solid is capable of indefinite 

increase, however much heat the solid receives, it follows that solids have definite 

temperatures of volatilization or volatilizing-points, corresponding to definite pres¬ 

sures, as liquids have definite boiling-points. 

Fig. 5. 

A. Condenser from which exit-tube leads to Sprengel’s pump and manometer. 

B. Tube in wdiich thermometer C is suspended, placed in hot bath. 

C. Thermometer, with bulb covered with cotton-wool. 

D. Bulb containing liquid which could be admitted to apparatus by turning 

screw-clip, so as to trickle down the thermometer-stem, and moisten 

the cotton-wool. 

E. Clipped indiarubber tube for admission of air. 

17. It occurred to us that it would be advisable to ascertain if the boiling-points or 

maximum temperature of evaporation of liquids under conditions as nearly as possible 

identical with those to which the solids already mentioned wTere exposed are the same 

as the temperatures corresponding to their vapour-tensions. To enable this to be 

done, the apparatus was modified as shown in the figure (fig. 5). 

By using a casing of cotton-wool round the thermometer bulb the liquid was 
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exposed to radiated heat in the same manner as the solids were. The vapour-tensions 

of water found in this way were identical with those of Begnault. 

18. This method of determining vapour-tensions has great advantages compared 

with the usual method. For it is extremely difficult to obtain a number of constant 

temperatures when a long tube is heated, and the pressures depend on those tem¬ 

peratures ; whereas by the method described, the temperature depends on the pressure, 

which can be varied at will by exhausting with the pump or by introducing air. 

19. The experiments described have shown that solids have definite temperatures of 

volatilization, as liquids have definite boiling-points, depending on the pressure to 

which they are subjected, and that these temperatures are sensibly coincident with 

those of their vapour-tensions. That they cannot be absolutely identical is evident ; 

for there must be a certain excess of pressure to produce a flow of vapour from the 

evaporating substance to the surrounding space, and consequently the evaporating 

substance must have a higher temperature corresponding to the higher pressure in its 

immediate neighbourhood. But by the ordinary method of measuring vapour-tensions, 

where the body emitting vapour is placed in the vacuous space above the mercury in 

a barometer tube, no flow is possible, and hence the level of the mercury is a true 

measure of the tension. 

Our results, we venture to think, show that with solids as with liquids this differ¬ 

ence, even when rapid evaporation is taking place, is an extremely minute one. They 

also show that the ice-steam line of Jas. Thomson (see diagram, fig. 1, M, L) is the 

upper temperature limit of ice at pressures below the critical one. 
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Introduction. 

In the year 1878 I submitted to the Council of the Chemical Society a series of 

photographs executed with roughly constructed and imperfect apparatus, which 

showed variations in the number, length, and strength of the lines exhibited by some 

of the elements in the ultra-violet region. These photographs proved that by 

alterations in the exposure of the photographic plates certain impurities became 

visible in metals otherwise apparently pure, without any changes being noticeable in 

the spectra such as might be introduced by over-exposure. Thus by increasing the 

period of exposure three-fold the lines of iron were plainly seen in a spectrum 

regarded as that of pure aluminium. Gold obtained in as pure a condition as possible 

by parting gave evidence of the presence of silver. Two specimens of indium were 

examined : they both yielded the flame spectrum and the reactions usual with this 

metal; one of them showed no strong lines in the ultra-violet which could not be 

attributed to tin, lead, or cadmium ; the other contained tin and cadmium in such 

proportions that the lines of these metals were more prominent than those of indium. 

A third specimen, prepared by Professor Richter, of Freiberg, yielded no spectral 

lines which could be attributed to any foreign metal. 
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A striking fact was noticed which, as will be seen, is exemplified in the case of 

magnesium, namely, that it is not always what appears to be the strongest and 

longest lines which first make their appearance when an impurity is discernible; and 

it was considered that many observations were necessary to ascertain which are the 

most persistent lines in the spectra of the elements. It was proposed to extend these 

observations, but their importance at that time did not seem to be appreciated. 

Almost all varieties of spark spectra have since been investigated, with the object of 

applying spectrum photography to the purposes of chemical analysis. From time to 

time opportunities have occurred when the process which has been gradually developed 

and rendered practical has been advantageously put into operation for the solution of 

questions upon which it would have been difficult to arrive at a decision by other 

means. For instance, I employed photographs of spark spectra in an examination 

of the rare earth bases separated from the mineral rhabdopbane, for testing the 

purity of certain cerium compounds, and for estimating the amount of beryllium 

contained therein (Journal of the Chemical Society, vol. xli., Transactions, 1882, p. 210). 

It may therefore be considered that the method is so far complete in detail that it 

maybe with advantage described for publication, notwithstanding that it is manifestly 

capable of improvement. 

At an early stage of the inquiry it was found necessary to devise some convenient 

method of examining solutions of salts, and ascertaining the best material from which 

to form electrodes. 

On a method of photographing spark spectra of the elements with solutions of their 

compounds. 

In the examination of substances for the purpose of chemical analysis it is un¬ 

desirable to use metallic electrodes even when this is possible, owing to the fact 

that alloys are not generally of a homogeneous character, and the sparks pass from 

only one or two spots situated at the surface of the electrodes. A better means of 

judging of the composition of a mass, whatever be its dimensions, is afforded by 

solutions, because the amount of metal volatilised by the spark from mere points of 

the substance is exceedingly small—according to Messrs. Lockyer and Roberts not 

more than 0*0001 gram. (‘Studies in Spectrum Analysis,’ Lockyer, p. 226). Messrs. 

Parry and Tucker (‘ Engineering,’ vol. xxvii., pp. 127, 429 ; and xxviii., p. 141) in 

the examination of iron and steel have made use of the charcoal points first used 

by Bunsen, and by dispensing with a Leyden-jar have photographed the lines 

characteristic of metallic solutions in such a manner as to render them comparatively 

free from the air spectrum. This method does not appear satisfactory to me, because a 

prolonged exposure is necessary, and with the reduced density of the spark, fluted 

spectra of air make their appearance while the metallic lines are too short. These 

bands or flutings are composed of a large number of fine lines, the distance between 
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which increases with their increased refrangibility. They appear to be the spectrum 

of nitrogen of the first order. Messrs. Parry and Tucker’s photographs are 

representations of the less refrangible rays only, such as are transmitted by glass 

lenses and prisms. For obtaining sparks from solutions, M. Lecocq de Boisbaudran 

uses a concentrated solution contained in a glass tube, through the bottom of which 

passes a platinum wire which is fused into the glass. The wire is connected with 

the negative pole of an induction coil, the positive pole terminating in a wire placed 

conveniently above this. A well-known modification of this is the tube of MM. 

Delachanel and Mermet (Schutzenberger’s ‘ Traite de Chimie Generale/ vol. i., 

p. 284), but as the rays must necessarily pass through glass, it is not adapted to 

the examination of ultra-violet spectra. Any method is disadvantageous which 

necessitates the use of platinum electrodes, since the number of lines belonging to this 

element is embarrassing when they have to be eliminated from the spectra of other 

bodies. M. Lecocq de Boisbaudran states that iridium points give no lines 

belonging to that metal, but this statement does not apply to photographed spectra 

of rays of high refrangibility obtained with a condensed spark, since about 180 lines 

have been counted in such a spectrum. Of all metals affording materials for 

electrodes gold appears to be the best ; its spectrum is a weak one, containing 

comparatively few lines, it is an excellent conductor of electricity, and it is not 

attacked by solutions of metallic chlorides. 

There is no very simple method of obtaining spectra free from air lines without 

resorting to either an inconveniently short or a too prolonged exposure, and if such 

existed it would be of doubtful advantage, since the number of the air lines in the 

ultra-violet region is not exceedingly large, and from their character they are easily 

recognisable. They are, in fact, a positive advantage, since by their well known 

appearance and positions they serve to fix the position of other lines. A simple and 

elegant apparatus devised by my colleague, Professor O’Reilly, consists of a metallic 

wick composed of a few twists of platinum wire, by which a Bunsen flame is fed with 

the solution to be examined. Wicks of gold wire have been used by me, the metal 

projecting about one-eighth of an inch above the surface of the solution. 

Of all elementary substances hitherto photographed, graphite yields the simplest 

spectrum (“ Note on Certain Photographs of the Ultra-Violet Spectra of Elementary 

Bodies,” Journal of the Chemical Society, vol. xli., p. 90). It shows lines and the 

edges of. bands due to the air-spectrum to the number of sixty-six, of rays assignable 

to carbon it contains but twelve. Graphite being an excellent conductor of electricity, 

electrodes are made in the simplest possible manner by cutting plates of good Ceylon 

or Siberian graphite, tapering from one-fourth to one-eighth of a inch in breadth and 

three-eighths of an inch in length. Deep grooves or scratches are made in the sides of 

the lower electrode, which is inserted into the end of a small glass JJ tube containing 

the solution. The upper pole may be of metal or of graphite, either being fused 

into a glass tube or held in a screw clip. Platinum terminals from the coil are 

H 2 
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connected with these. Capillary attraction keeps the lower electrode moist at its 

upper surface. Such electrodes have been constantly in use for producing sparks 

from which photographs of the spectra of saline solutions have been taken. Fresh 

electrodes have generally been made for each solution, but they may be used over 

again repeatedly provided they be well washed with hydrochloric acid and water. 

They wear away rather quickly, but their durability may be indicated by the fact 

that the same points have actually been employed continuously for a period of ten 

hours. Each of the two pieces of graphite should be sharpened so as to resemble 

a chisel, the edge of the one being exactly superposed above that of the other, while 

both are placed in a line with the slit; the movement of the spark is thus restricted 

to a direction backwards and forwards, but always in front of the slit and not to one 

side or the other. 

Graphite electrodes (actual size). 

The only two lines of a foreign element plainly visible in the spectrum of graphite 

are the first and third of the quadruple group in the magnesium spectrum, with wave¬ 

lengths 2794*4 and 2801*1. Faintly seen are the second and fourth lines, wave¬ 

lengths 2796*9 and 2789*6. This specimen of graphite came from Ceylon, and it was 

thought worth while to submit it to the ordinary method of analysis. Accordingly a 

considerable quantity was incinerated, and the ash was found to contain only 

magnesium and a trace of iron. After some hundreds of electrodes had been cut from 
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a lump of the material, it was found that the points showed more or less unmistakable 

indications of the presence of iron. 

From this it appears that the same piece of the mineral may be of unequal purity. 

Alterations in spectra caused by moistening the electrodes. 

When electrodes of graphite are moistened with water, the only alteration remark¬ 

able in the spectrum is a lengthening of the short carbon lines, with wave-lengths 

3590*0, 3583*5, 2836*8, 2836*0, 2511 *6, 2508,7, and 2478*3, so that they extend from 

pole to pole. The other lines of carbon do not appear to be more than slightly 

lengthened, and in addition the line 4266*3 is much weakened. This change would 

i*eceive a natural explanation by assuming the formation of some gaseous or at least 

volatile carbon compound. If it be due to carbon dioxide, a similar change should 

occur when the electrodes are surrounded by pure oxygen. In order to put this 

matter to the test of experiment, pure dry oxygen was passed for some time through 

a glass tube in which were fastened electrodes of graphite, the end of the tube being 

closed by a plate of quartz. The change seen in the spectrum under these circum¬ 

stances is the following :— 

Wave-lengths. 
4266-3 This line does not appear altered, 

3919'5 This line remains short. 

3875'9 This line l’emains short. 

3590'7 This line remains short. 

•0J 

6) 
*0J 

2836-8 

2836 

2746-6 

2640 

2511-6 

2507-8 

2478-3 

2297-6 

These lines are so lengthened as to be rendered continuous from pole to pole. 

These lines are somewhat lengthened. 

>These lines are lengthened so as to be rendered continuous. 

A map to the scale of wave-lengths is appended (Plate 3). 

In addition to the above, the following lines are seen with difficulty, a pair with 

wave-lengths about 3168*0 and 3166*3 is much lengthened, and a very nebulous ray, 

extending from about 2995 to 2990 (\=2993) is rendered much larger and more 

distinct. It will be seen that the two spectra differ considerably ; it does not, 

therefore, seem at all probable that the change is due to the cause suggested. Indeed, 

it is not, as may be learnt by a study of the action of the spark on metallic electrodes. 

When photographs are taken of dry electrodes of copper the lines in the spectrum 

with lesser wave-lengths than 2766*2 and extending to 2243*5 are all short lines. 

When the electrodes are moistened with a solution of a metallic chloride, with 

hydrochloric acid, or even with pure distilled water, these lines are greatly lengthened, 

some of them so much so as to become continuous. When platinum, iridium, and 

gold electrodes are partially immersed in water, the same lengthening of the short 
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lines takes place as in the case of copper and graphite. The lines of iridium yielded 

by dry electrodes extend no more than one-fourth the distance towards the opposite 

pole. When one pole is a point of iridium and the other of copper, the two series of 

short lines are seen, but those of iridium only are visible when that metal con¬ 

stitutes the negative pole, though the copper lines are weak, but still visible, at the 

positive pole. 

When an iridium point, as the negative electrode, is partially immersed in water 

all the short lines are increased in length, so that they stretch four-fifths of the 

distance towards the copper ; if the copper be negative and immersed in water the 

copper lines are lengthened, and but few of those belonging to iridium are discernible. 

The same lengthening of short lines takes place when gold electrodes are moistened. 

We have but few facts which serve to indicate the constitution of the electric spark 

and the circumstances under which it is altered in character. It may, however, be 

affirmed, with some degree of truth, that an increased intensity of the spark, such as 

is gained by placing a jar in circuit, which is usually considered to correspond to an 

increase of temperature, causes an increased length in the short lines, and also that 

the more volatile the metal the longer the lines. It was considered necessary to 

ascertain the effect of heating the electrodes, and accordingly two points of iridium wire 

were taken as suitable. AVhen the spark passed at the ordinary temperature, a photo¬ 

graph which received five minutes’ exposure showed, beside the large number of short 

lines, a continuous band of rays extending through the whole spectrum. On the same 

plate, and immediately beneath this, another photograph was taken while the negative 

electrode was heated to the most brilliant incandescence by the oxy-hydrogen blow¬ 

pipe. The spark continued to pass during the whole period of five minutes, as was 

made evident by the scintillations visible at the cooler electrode. This latter was 

kept at a temperature sufficiently low as to show no signs of redness. The passage 

of the spark, but for the scintillations, was otherwise invisible and almost noiseless. 

On turning down the gas the spark appeared of a pale blue colour, the electrode being 

at a red-heat, and it now emitted a moderate crackling sound, similar to that caused 

when no jar is in circuit. On turning the gas out the spark grew brighter as the 

metal became colder, till finally the usual brilliancy and the sharp crackling noise 

were resumed. The second photograph, with the same exposure of five minutes, 

showed barely a trace of the iridium spectrum; some feeble rays emitted by the flame 

of the blow-pipe were visible, but the chief feature of the photograph was the 

beautiful group of nitrogen lines seen when the spark is passed between points 

without a jar in circuit. The wave-length of the line at the commencement of one of 

these groups was 3369, the commencement of the second group was a line with wave¬ 

length 3211’6, the spectrum terminating with a line with wave-length 3062’4. 

At a low red-heat the spark passes with only a moderate crackling sound, and the 

spectra photographed under these conditions consist of the two spectra of ail'—• 

namely, those of the first and second order superposed. 
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The same photographs are obtained when only a small jar is used and the electrodes 

are cold. 

From these experiments it is evident that cooling the electrodes intensifies the 

spark, and consequently lengthens the short lines, just as heating them causes the 

reverse effect. The reason why heating the negative electrode acts so powerfully 

upon the spark is because the high temperature of the pole discharges the jar 

(Guthrie’s ‘Magnetism and Electricity,’ p. 84). 

In addition to the lengthening of the carbon lines, hydrochloric acid and solutions 

of metallic chlorides yield a weak continuous spectrum, and also a series of closely 

placed lines or flutings, further details concerning which are given on page 59. The 

continuous rays are most noticeable in spectra of solutions of chlorides of the alkali 

metals and of aluminium chloride; the flutings, however, appear most prominent in 

concentrated solutions of aluminium chloride and of zinc chloride. 

Dry electrodes in air showed in some instances a total absence of the lines, with 

wave-lengths 4266*3, 3919*5, 3881*9, 3875*7, 38707, 3590*0, 3585*0, 3583*5, 2746*6, 

and 2640*0, while 2836*8 and 2836*0 were exceedingly faint. These lines are marked 

on the map with a star. No reason can be assigned at present for this difference in 

the spectrum, as the lines 4266*3, 3919*5, 3881*9, 38757, and 3870*7 are visible when 

the atmosphere surrounding the poles is carbon dioxide, and the photograph was 

perfect as regards the other part of the spectrum. A difference in the strength of the 

spark may occasion some similar alteration, but such a cause did not operate in this 

case. 

On the spectra of solutions of binary compounds. 

A complete series of photographs of metallic salts, chiefly chlorides, corresponding 

to the electrodes already enumerated and examined, was executed (Journal of the 

Chemical Society, vol. xli., p. 90). The reason for taking chlorides was that as a rule 

they are among the most soluble of salts. The solutions examined consisted of the 

chlorides of magnesium, zinc and cadmium, aluminium, thallium, iron, cobalt and 

nickel, arsenic, copper, strontium and tin. The cadmium, copper, and stannous 

chlorides were made by dissolving the electrodes used for the series of photographs of 

the elements. The zinc chloride was made from a very pure specimen of distilled 

zinc, the only impurity it betrayed being a trace of cadmium. The arsenic trichloride 

was obtained from a very carefully purified specimen of arsenious oxide. The ferric 

chloride was prepared from fine pianoforte wire. The thallous chloride was a 

particularly pure specimen made from the metal used as electrodes. 

Some preparations of barium and strontium chlorides made with great care were 

found to contain calcium. They were purified by treating saturated solutions with 

an equal volume of strong hydrochloric acid, whereby the chlorides are precipitated in 

a crystalline form, and by filtration through a plug of asbestos the acid liquid is 

separated therefrom, the crystals are washed with strong acid twice, after which 
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they are dissolved in water, and if necessary treated again in the same manner. 

Aluminium chloride was prepared from an especially pure specimen of ammonia alum, 

the aluminium hydroxide was precipitated by ammonia and most thoroughly washed 

with hot water, it was then dissolved in hydrochloric acid. The cobalt chloride was 

a carefully prepared laboratory specimen. This series of solutions is very complete, 

inasmuch as spectra of almost every character are represented and may be referred to. 

For instance, there are comparatively few lines in the magnesium spectrum, but these 

are of a strongly marked character and they are closely grouped together. Exceed¬ 

ingly short and some straggling and long lines occur in the zinc spectrum, while in 

cadmium we see the position of two of the lines to be so near together that there is 

some difficulty in distinguishing them. In the iron and cobalt spectra there is a 

multitude of long and short lines crowded together in groups. In arsenic and 

antimony we have examples of metalloid spectra, with a considerable amount of 

diffused rays and lines distributed with tolerable regularity throughout the whole 

ultra-violet region. 

By the juxtaposition of spectra on the same plate, the lines assignable to each metal 

were compared with those ^yielded by a solution of its chloride. With but two 

exceptions the two series of spectra are identical line for line ; in the case of iron the 

number of lines reproduced is over 600, and in that of cobalt over 500. The group of 

five fine lines constituting the most refrangible group in the spectrum of magne¬ 

sium were exactly reproduced by the solution of the chloride along with the other 

lines characteristic of the metal. The dual lines of cadmium were in like manner 

plainly seen. The one sole difference between the spectra of metallic electrodes and 

those from the salts of the metals was the greater degree of continuity of the fines 

shown by the salts. Thus all the fines discontinuous in the spectrum of iron wTere 

continuous in that afforded by a solution of ferric chloride. The short fines of the 

metals potassium and sodium, which are weak, appear as short lines in the spectra of 

their chlorides, likewise some of the shortest fines which are at the same time strong 

fines in the spectrum of aluminium are seen as short fines in the spectrum of a 

concentrated solution of its chloride. These lines form a triplet group with wave¬ 

lengths 36127, 360F2, and 3584"5. This last fine appears to be strongest in the 

aluminium spectrum. Whether the short fines appear or not depends upon the 

amount of metal present in the solution. 

Regarding the two exceptional cases above-mentioned, they are referable to two 

distinct causes—the first to the extreme shortness of the fines, and the second to the 

presence of an impurity. Zinc is a metal with a number of fines in its spectrum so 

short that they can be described as merely dots. Their wave-lengths are the 

following: 2526-3, 252T3, 2514-7, 25087, 2490-4, 2485-9, 2427-0, and 2418-8. All 

specimens of zinc yield these very short fines, but solutions made from them do not. 

As anhydrous zinc chloride contains only 65 per cent, of the metal, and as no solution 

of the chloride used in the spark apparatus contained more than 25 per cent, of this salt, 
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it is easy to see that the absence of these lines may be accounted for by the small 

quantity of metal in the spark. 

When zinc electrodes are moistened these very short lines become somewhat 

lengthened. 

When aluminium electrodes were employed to obtain a photograph of its spectrum 

(Journal of the Chemical Society, vol. xli,, p. 90), a number of short lines were 

exhibited which did not appear in the spectra of solutions of the chloride. The wave¬ 

lengths of the aluminium lines as seen in solutions are the following: 3960-9, 

3943-4, 3612-7, 360f2, 3584'5, 3092-2, 3081-5, 3056’8 (faintly), 2615-6, 2659 8, 

2651"7, 263P0 (a group of five lines), and lastly 2567"5. 

Nearly all the remaining short lines are caused by the presence of iron, a fact 

which may be easily ascertained by prolonging the exposure of the photographic plate. 

Commercial aluminium may contain as much as 2 per cent, of iron, and as the iron 

lines are strong, this quantity modifies the appearance of the spectrum to such a 

degree as to give it a considerable resemblance to that of iron, but there is the widest 

possible difference between the spectra of the two metals. J. L. Schonn, who 

examined the ultra-violet spectra of several metals with Iceland spar prisms and a 

fluorescent eye-piece, has remarked on what he believes to be a similarity between 

the aluminium and iron spectra (Wiedemann’s Annalen, vol. ix., p. 4S3 ; vol. x., 

p. 143). It is possible that the likelihood of iron being contained in the aluminium 

had escaped his notice, or that he was not prepared to recognise the iron lines when 

they were somewhat altered in appearance by the metal being present in small 

quantities. 

Mr. J. Norman Lookyer, referring to the differences in the appearances of the 

spectrum of the same element under different conditions, has shown that by diminution 

of pressure under which the spark is taken, certain short lines disappear, while longer 

lines remain. Further, he states in reference to the spectra of chemical compounds : 

“ It was found in all cases that the difference between the spectrum of the chloride 

and the spectrum of the metal was :—That under the same spark conditions the short 

lines were obliterated, while the air lines remained unchanged in thickness ” (Phil. 

Trans., clxiii., p. 253, 1873). 

It is obvious that this statement cannot be applied to solutions of chlorides examined 

in the manner described in the preceding pages, and the reasons for our different 

conclusions are the following. The short lines are not visible in the spectra of dry 

metallic chlorides, because the quantity of metal present in the spark is too small. 

Thus the spark does not pass from the chloride because it is a very bad conductor, or 

through it because it does not form a continuous and homogeneous covering to the 

metallic electrode, but only past or between the particles of the salt from the 

surface of which portions are volatilised. The conditions are quite different when 

metallic solutions are used; the salt is equally diffused throughout the liquid, which 

forms a continuous coating to the electrode through which the spark must pass, and 

MDCCCLXXXIV. T 
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as the electrode is nearly immersed in water the intensity of the spark is increased. 

Hence, though the quantity of the element present in the solution might be insufficient 

to render the short lines visible with dry electrodes, the opposite effect introduced 

by the presence of water is sufficient to compensate for this. 

In order to ascertain whether the elements oxygen and sulphur in combination 

could yield spark spectra, and whether insoluble compounds could be made to yield 

metallic lines to the spark, ferric oxide and ferrous sulphide were examined. The 

substances were finely powdered and mixed with glycerine to prevent them being 

dispersed by the spark too rapidly. No iron lines were detected on the photographic 

plate exposed to the action of the spark for the normal period of two minutes, though 

there was a good photograph of the graphite electrodes and the air spectrum. 

To test the behaviour of insoluble but volatile substances, thallous chloride was 

treated in the same way, and the lines with wave-lengths 3778*4 and 3518’8 were 

rendered weakly. In no case did the non-metallic constituents cause any variations 

in the spectra. Hence we may conclude that:—Insoluble and non-volatile compounds 

do not yield spark spectra when diffused in liquids. 

Several attempts to obtain a spectrum from selenium, selenic acid, and sodium 

selenate have proved unsuccessful. 

On the spectra of ternary compounds. 

In an examination of ternary compounds the salts examined were sulphates, 

nitrates, and phosphates of magnesium, cadmium, zinc, aluminium and iron. The bases 

of these salts were, as in the former case, prepared from the metallic electrodes, the 

aluminium and iron compounds being prepared from pure aluminium hydroxide and 

ferric oxide. The ferric oxide was obtained by heating pure ferrous sulphate with 

sodic sulphate, lixiviating with hot water, and washing many times therewith by 

decantation. The oxide was then dissolved in the requisite acids. The observations 

recorded in the case of metallic chlorides apply equally well to sulphates and 

nitrates, while the difficulty of obtaining a spectrum from ferric phosphate diffused 

in glycerine was equal to that in the case of the sulphide. When dissolved in hydro¬ 

chloric acid the phosphate displayed the lines of iron only. A similar observation 

was made with cerous phosphate. Ammonium chloride was made into a saturated 

solution, and its spectrum photographed. There was no striking alteration in the 

spectrum of the graphite poles, but a careful examination showed that a group of fines 

which appear to be caused by the presence of nitrogen was greatly strengthened and 

made more prominent. These fines or flutings extend from about wave-lengths 3S81'8 

to 3829 '0. The following facts point to their origin. They are never seen when 

metallic electrodes are used, wet or dry ; they are therefore not air-bands. They are not 

seen when carbon electrodes are immersed in oxygen, and cannot therefore be due to 

carbon dioxide. They are always seen when solutions are used with carbon electrodes, 
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and are particularly strong when the carbons, wet or dry, are immersed in pure and 

dry nitrogen. When the negative pole is a metallic wire immersed in water, and the 

positive a point of carbon, the lines are strongly developed at the positive pole only. 

When the current is reversed the spectrum is not so strong. The bands not being 

traceable to carbon dioxide, to a hydrocarbon or to air, and being at the same time 

produced with great intensity when graphite is surrounded by pure and dry nitrogen, 

they must belong either to a modified spectrum of carbon or to a compound of carbon 

with nitrogen, such as cyanogen. In order to test the probability of these flutings 

belonging to the cyanogen spectrum, it was thought desirable to try the effect of 

cyanides in solution, using for the purpose metallic electrodes. A sample of perfectly 

pure cyanide of potassium was prepared by dissolving the commercial salt in alcohol 

and crystallising it therefrom. A saturated solution of the salt gave no sign of the 

bands when submitted to the spark passed between gold electrodes. A hot saturated 

solution of mercuric cyanide was similarly treated, the negative electrode being gold 

and the positive carbon, the gold being all but immersed in the solution. A strong 

mercury spectrum was obtained, but the flutings were absent except at that point 

where they might be expected under ordinary circumstances, namely, at the positive 

carbon electrode, and even here they appeared as faintly as if water and not a saline 

solution had been used. Cyanides therefore do not yield this spectrum. 

It is remarkable that certain solutions which do not contain nitrogen in any form 

favour the formation of these bands, as for instance chlorides generally and zinc 

chloride as a saturated solution particularly. In order to ascertain whether the 

strength of the spectrum is dependent on the proportion of saline matter present, 

I examined a series of solutions containing varying proportions of calcium chloride, 

from xfnjth to tooTTo^L with the result that the strength of the bands was found 

to increase with the strength of the solutions. 

There are two lines in this spectrum of graphite (Journal of the Chemical Society, 

vol. xli., p. 90) which apparently commence these flutings ; their wave-lengths are 

3875‘7 and 3870'7, and yet two others which are absent from the spectrum of carbon 

when taken in oxygen with wave-lengths 3585’5 and 3584'0. 

Professors Liveing and Dewar give the general appearance of the cyanogen 

spectrum as observed by them (Proc. Royal Soc., vol. xxxiv., p. 123), and the group 

of lines between K and L, extending from 3883 to about 3830, much resembles the 

first group mentioned above, while the second series near N, lying between 3580 and 

3590, approximate closely to the second pair of lines to which I refer; nevertheless I 

cannot attribute these lines to cyanogen because they are not obtainable from 

cyanides. 

That these lines are absent from the carbon spectrum when taken under certain 

conditions is not conclusive evidence that they are not carbon lines, because, as I have 

already shown, the lines 4266'3, 3919'5, 3881‘9, 3875'7, 3870*7, &c., are occasionally 

absent, yet these unquestionably belong to the carbon spectrum. 
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Borates and silicates.—When soluble borates or boracic acid, soluble silicates, 

silicofluorid.es, or bydrofluosilicic acid are submitted to the spark, line spectra of the 

elements boron and silicon result, as I have already shown in a paper submitted at 

a recent date to the Royal Society. I then showed reason for suspecting that several 

lines attributed to carbon by Professors Livetnu and Dewar (Proc. Roy. Soc., vol. 

xxxiii., p. 403) are in reality lines of silicon. In their communication, to which I 

have had to refer for a description of the cyanogen spectrum, I tind (loc. cit., vol. 

xxxiv., p. 123) a list of lines seen in the arc spectrum which they assign to carbon. 

I give for comparison with these the wave-lengths of the most prominent lines in the 

spectrum of silicon. 

Approximate wave-lengths Wave-lengths of 
of carbon arc-lines silicon lines 

(Liveing and Dewar). (Hartley) . 

2434-8 2435-5 

2478-3 . « . 

2506'G 2506-3 

2514-1 2513-7 

2515-8 2515-6 

2518-8 2518-5 

2523-9 2523-5 

2528-1 2528-1 

288F1 2881-0 

From this it seems probable that the only carbon line in the ultra-violet arc 

spectrum is the strongest of the series with wave-length 2478’3. 

On spectra obtained from dilute solutions and on alterations caused^ by prolonged 

exposures. 

The effect of prolonged exposure of the sensitive plate to the spark produced from 

weak solutions is a lengthening and strengthening of the metallic lines. It is 

reasonable to suppose that the density of the lines, or otherwise the intensity of 

chemical action, is a function of the concentration of the liquid and the period of 

exposure in all cases, but with very dilute solutions this certainly appears not to 

be exactly the case. Thus a solution containing six per cent, of calcium chloride 

exposed for half a minute, yields a spectrum with the calcium lines, showing a 

greater density than that produced by a solution containing one per cent, of the salt 

exposed for three minutes. Probably the conducting surface of the electrodes is not 

large enough to be kept constantly moistened, and so maintained in a condition 

capable of presenting a sufficient quantity of the solution to the spark. It has been 

observed in ail cases that the effect of diluting solutions is to weaken tire metallic 

lines; and, further, with one or two exceptions, to shorten even the longest and 

strongest lines until they finally disappear. 
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On the presence of impurities in certain spectra. 

It has been noticed that when solutions are photographed with a Leyden-jar in 

circuit, and when these solutions are concentrated, two very fine and continuous lines of 

a strong character, which have been identified with the metal calcium, are occasionally 

seen. Their wave-lengths are 3967'6 and 3933, and they are designated H and K of 

the solar spectrum on M. Cornu’s map. Sometimes a second pair of lines, with wave¬ 

lengths 3736-5 and 3705‘5, are visible. They appear in strong solutions of cadmium 

chloride, ferric chloride, cobaltic chloride, and ferric nitrate. They are of very feeble 

intensity in strontium chloride and barium chloride, and then only the first pair are 

visible, attenuated and shortened. 

They appear as short lines and rather feeble in photographs taken from electrodes 

of Siemens-Martin steel, and from electrodes of iridium. The most remarkable fact 

about these lines is, that they are not visible in the spectra of the alkaline chlorides, 

lithium, sodium and potassium, which were prepared from neutral solutions. Nor are 

they to be seen in the spectrum of aluminium chloride. They do not appear in photo¬ 

graphs of the spectra of graphite points, either when dry or moistened with water, but 

they are seen as very faint and short lines when graphite points are moistened with 

hydrochloric acid. They are fairly well seen in solutions of ferric sulphate, prepared 

by dissolving the oxide in sulphuric acid. For some time the origin of these lines 

was a source of some perplexity, for although they had been ascertained to be calcium 

lines, yet they made their appearance on occasions when they were least expected, and 

when their presence could not be accounted for. Acids were always found to contain 

traces of calcium, and particularly hydrochloric acid; but the quantity was so 

minute as to be capable of detection only by photographing the spectrum. A quantity 

of pure hydrochloric acid was distilled in a previously very carefully cleaned glass 

retort and collected in a glass receiver. The operation was so conducted that by no 

possibility could any of the liquid have been carried over, except in the form of vapour. 

Still, in photographs of the spectrum of the distillate, the calcium lines were detected 

but little diminished in intensity. When platinum wire was substituted for graphite 

electrodes the lines were again present. 

There is much evidence that the action of the acid upon the glass vessels dissolves 

out of the glass a small portion of calcium. The calcium lines are particularly strong, 

while those of the alkalies are just as weak. It is probable that the aluminium which 

does not appear would be less likely to enter into solution, and at the same time as 

the lines are not so strong as the calcium lines they would not be so easily rendered 

visible. Messrs. Parry and Tucker found that various samples of iron, after solution 

in hydrochloric acid and further chemical treatment, gave evidence of the presence of 

calcium. In this case the calcium probably was introduced by the acid, or at least a 

portion of it, and the strength of the lines was increased by the concentration 

of the solutions. It must, however, not be overlooked that both Siemens-Martin 
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steel and dry iridium electrodes yielded spectra "with the calcium lines. In the case 

of the steel, either minute traces of slag are diffused through the metal or traces of 

calcium occur as one of its constituents. The iridium points were new, and it is just 

conceivable that traces of lime from the crucible in which the metal was fused were 

adhering to its outer surface. The specimens of graphite contained magnesium and 

iron, but no calcium. This conclusion was the result of spectrum observations, and 

likewise of a careful analysis of the ash made by the usual methods. Many of the 

photographs of solutions of metallic chlorides, as for instance the chlorides of copper 

and manganese, show no trace of the calcium lines. I have now no doubt that when 

the calcium salt is not derived from the action of acids on glass vessels, the spectra 

are contaminated by dust floating in the air, and that the calcium lines are to the 

ultra-violet region in this respect what the sodium lines are to the visible spectrum. 

The alkali-metals yield but feeble ultra-violet spectra, otherwise the sodium lines 

would likewise be ever present. 

The evidence that the calcium lines are due to dust is the following : two metallic 

electrodes, alloys of copper and silver, were filed up so as to present bright points ; 

they were each opposed to a graphite electrode, and the spark -was made to pass from 

the metal to the carbon ; in the one case the calcium lines were either very faint or 

invisible, but in the second they were very strong. The interval of time bekween the 

taking of the photographs was not more than half a minute. The calcium lines were 

strongest at the metallic or negative pole. 

The following facts have been established by the foregoing observations :— 

When carbon or metallic electrodes are moistened the short lines are lengthened. 

With very few exceptions the non-metallic constituents of a salt do not affect the 

spark spectra of solutions. 

Insoluble and non-volatile compounds do not yield spark spectra. 

The solution of a metallic chloride yields spectral lines identical in number and 

position with the principal lines of the metal itself. 

Short lines become long lines, but otherwise their character is identical, whether the 

spectra are produced by metallic electrodes or solutions. 

The effect of diluting solutions of metallic salts is first to weaken and attenuate the 

metallic lines, then with a more extensive dilution to shorten them, the length of the 

longest and strongest lines generally decreasing until they finally disappear. 

Accidental differences in the passage of the spark or in the time of exposure of the 

photographic plate, when the normal period is from half a minute to five minutes, do 

not cause sensible variations in spectra obtained from the same substance. 
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Introduction. 

In the Philosophical Transactions, Vol. 170, pp. 257-274, 1879, one of us has described, 

in conjunction with Mr. A. K. Huntington, the first use of dry gelatine films, sen¬ 

sitised with silver bromide, for photographing ultra-violet spectra ; and the application 

of the almost continuous spectrum emitted by the metals iron, nickel, and copper to 

the purpose of examining the ultra-violet absorption spectra of organic compounds. 

These researches, up to the present* time, have been prosecuted under considerable 

disadvantages, owing to the impossibility of describing accurately either absorption or 

emission spectra, by reason of the data for calculating wave-lengths being unfor¬ 

tunately insufficient. The object of this work is to give an exact description of the 

photographed spectra of some sixteen elementary substances, and to place on record the 

wave-lengths of so large a number of well-defined metallic lines, together with such 

other measurements of spectra, that subsequent workers may experience no difficulty in 

constructing interpolation curves capable of yielding fairly accurate numbers repre¬ 

senting wave-lengths. The first measurements of rays of high refrangibility made by 

means of photography were the determinations of the wave-lengths of the lines of 

cadmium by M. Mascart (‘Annales de l’Ecole Normale,’ vol. iv., 1867). He made 

use of a Nobert’s grating, a goniometer, and a photographic eye-piece. In addition 

to the splendid map of the ultra-violet portion of the solar spectrum given us by 

M. Cornu, we have wave-lengths most carefully calculated for a series of lines in the 

spectra of the metals cadmium, magnesium, aluminium, and zinc (‘ Annales de l’Ecole 

* Proc. Roy. Soc., xxxi., pp. 1-26. Journ. Cliem. Soc., xxxix., pp. 57-60, and pp. ] 11-128; xxxvii., 

pp. 676-678, &c. 
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Normale,’ vol. ix., 1880; and ‘Archives des Sciences Physiques et Naturelles de 

Geneve,’ (3), ii., pp. 119-126). Messrs. Liveing and Dewar, with an improved 

goniometer and a Rutherfurd grating, have estimated the wave-lengths of the lines 

of carbon by a modification of Mascart’s method (Proc. Poy. Society, vol. xxxii., 

1882). As each line must be cussed independently of the rest of the spectrum and 

photographed on a different plate, and as the relative positions of the lines on the 

photographs are varied by very slight alterations in focus and by the removal and 

replacement of the plates, we have been led to apprehend that there are grave objections 

to this method of manipulation. The process, moreover, appears to be a lengthy one. 

In accordance with these views, which are the result of long experience, we have 

preferred to employ a method similar to that of Cornu.* 

As much of each spectrum as possible is photographed on one plate, and together 

with this a series of ideal lines or plain reflections of the slit, each corresponding to a 

measured angular deviation, from which a scale of wave-lengths may be calculated. 

The instruments.—For the production of spectra we have used one of Mr. Ruther- 

furd’s small diffraction gratings. This was mounted on a stand made six years ago 

by Mr. Browning, the telescope and collimator of which are fixed, and the grating 

movable. A tangent screw is used to give an angular motion to the grating, and 

measurements are made upon a divided arc of 9 inches radius. The position of the 

grating can be fixed at any required angle without the necessity of clamping. The 

original telescope and collimator fitted with glass lenses were removed from the stand, 

and replaced by a collimator and two lenses of 36 inches focus for the D lines. The 

material of the lenses was quartz, one of right- the other of left-handed rotation. 

Unless the lenses are approximately of the same thickness and correct one another, all 

fairly strong lines, whether produced by a prism or grating, are liable to be doubled, 

that is to say, accompanied by faint images resembling the “ghosts” that are seen 

when strong lines are viewed with a Rutherfurd grating. The distance of the 

lenses from the grating was about 3 inches. Their considerable focal length gives an 

approximately flat field over a wide range of the spectra. Instead of a telescope, the 

photographic camera described in the Scientific Proceedings of the Royal Dublin 

Society, vol. iii. (“ Description of the Instruments and Processes employed in 

Photographing Ultra-violet Spectra,” 1881, W. N. Hartley) was altered and 

adjusted for use with the grating. The table upon which it was supported consisted 

of a large and massive slab of slate, immovably set upon solid stone foundations. 

In taking photographs from metallic electrodes, it is of some importance that the 

spark be always in exactly the same position with regard to the slit, otherwise the rela¬ 

tive positions of the lines are liable to variation ; we have, therefore, always used an 

electrode of cadmium immovably fixed opposite to the slit, the other points of metal 

* It may be mentioned that the best method for the detennina tion of -wave-lengths, and the precau¬ 
tions to be taken with regard to the accurate measuring of the positions of the lines, was the subject of 

several mouths' investigation by one of the authors, W. N. H. 
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being on the same stand below it, the arm by which they were held being capable of 

such motion that they could be renewed or replaced without disturbance of the fixed 

cadmium point. The image of the spark was projected on to the slit by a lens of 

3 inches focus, which was also immoveably fixed. All lines photographed could be 

measured with reference to those in the spectrum of cadmium. The slit of the 

collimator, which was not more than joVoth of an inch in width, was protected from 

dust by being covered with a thin plate of quartz. Photographs were taken of the 

first order, both to the right and to the left of the plain reflection of the slit. The 

average period of exposure was an hour to an hour and a half. 

The spectrum of one order overlaps that of another, but this is of no consequence, 

because the lenses being uncorrected for chromatic aberration, and the spectra of 

different orders having different foci, only one image is visible on the developed plate. 

The developer used was made with pyrogallic acid and potassium bromide. 

Method of measuring the spectra.—When a series of photographs had been obtained, 

the distances between the lines of the various spectra were accurately measured by 

means of a microscope and a dividing engine with a screw 30 inches in length. The 

arrangement by which a forward motion only is given to the screw was thrown out of 

gear, and a divided wheel, 4 inches in diameter, with a handle attached, was placed 

at the opposite end of the screw. Each division on the wdieel as it passed the pointer 

registered a longitudinal motion of the stage equal to 5-^0-th of an inch, and it was 

easy to read to Tcumofh- The measurements were certainly accurate to ^oiroth of an 

inch even when working on lines of different intensities. The microscope, which was 

placed on the stand of the machine, had a magnifying power of 25 diameters. Less 

than this is insufficient, and more is unsatisfactory, except in special cases. 

A plate-glass stage was fitted to the carrier of the dividing engine, and by means 

of screw clamps the photographs were secured to this. The photographs must be so 

adjusted that a line passing from end to end of the spectrum and dividing it into two 

parts longitudinally lies parallel to the axis of the screw, otherwise the lines will not 

all occupy the same position with respect to the cross lines in the field of the 

microscope. 

Again, it is necessary that the photographs be taken on patent plate-glass so as to 

present a perfectly flat surface, and the plates are more suitable if selected with regard 

to equality of thickness at each end. Such curvature as is ordinarily to be seen in 

flattened crown-glass would yield inaccurate measurements, and if the plates be not 

of the same thickness throughout, the two ends of the spectrum, when the plate was 

in position on the glass stage, would not be in the same horizontal plane, and so by 

the motion of the screw the lines of the spectrum would soon travel out of focus. 

Freedom from spherical aberration, which facilitates the measurement of the lines, is 

secured by using lenses of unusually long focus. 

Three plates were taken for each spectrum, the first included all rays lying between 

the cadmium lines 6 and 12 (\=4676'7 and 3249’5), the second included Cd 11 and 

MDCCCLXXXIV. K 
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Cd 18 (\=3402'9 and 2572-2), and the third Cd 16 and Cd 26 (\=2836T and 

21457). Between these limits all the lines were accurately focussed. It will be seen 

that these plates overlap, so that on one series of photographs a certain number of 

lines may be measured twice over if necessary. The accurately measured portions of 

the spectra were 4 to 5 inches in length on each plate, so that the whole spectrum 

extended from 12 to 15 inches, and each inch was easily divisible into 10,000 parts. 

The measurements of the lines were made when the cross wires coincided with or 

equally divided the ends of the lines. This is necessary, as many lines are extremely 

short and cannot be measured at any other point. Lines continuous from pole to pole 

are comparatively few in number. “ Ghosts ” of very strong lines appear in the 

photographs of diffraction spectra; they are generally easy of recognition, but should 

it happen that by reason of a crowrd of lines they are not easily distinguishable, they 

may be eliminated by comparing the diffraction with the prism spectrum. 

No metallic line which is not common to both spectra has been measured. It is 

difficult to identify the lines rendered by a prism spectroscope when the original 

photographs only are examined, on account of the necessity of employing the 

microscope, which enables one to view only a small portion of the spectrum at one 

time. For the convenience of identifying the lines and registering their wave-lengths 

two sets of enlargements have been used, each containing about eight spectra, 36 

inches in length. For the purpose of registering the wave-lengths of the air-lines and 

the very numerous lines of iron, enlargements 8 feet in length have been made. 

Determination of Wave-Lengths. 

Method of Working.—The determination of the wave-lengths of the lines in any 

photograph becomes very simple if we know the value of their linear positions on the 

plates in terms of the scale of the goniometer, and so be in a position to find their 

deviations. M. Cornu has described a method by which he determined the deviation 

of some of the lines in his photographs of the ultra-violet solar spectrum. After 

photographing a spectrum he moved his plate so as to obtain an impression of the 

image of the slit on the sensitised film on each side, and very close to the line he 

wished to measure. The points on the arc to which the images corresponded being 

known, the deviation of the line could be determined from them, since the images 

were sufficiently close together for linear distances between them to be taken as 

proportional to angular distances. We have followed the principle of this method. 

As stated in the introduction to this paper, after photographing a spectrum, the 

grating was moved so as to reflect on to the sensitised film a series of images of the 

slit, corresponding to equi-distant fixed points on the arc of the goniometer. In this 

way the spectrum was obtained, together with a number of images of the slit, disposed 

at regular intervals along its length, the images serving as fiducial lines, the deviations 

of which were known with all the accuracy afforded by the scale of the goniometer. 
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The wave-lengths corresponding with these deviations were calculated, and those of 

the spectral lines were determined from them by interpolation. 

Calculation of the wave-lengths corresponding to the fiducial lines.—For the con¬ 

venience of future reference the photographs of the three portions of the spectrum for 

which the plates were focussed, will he designated by the numbers G-12, 11-18, and 

17-26. These numbers have been assigned to the prominent cadmium lines by 

Mascart, and they serve to fix the limits of the less and more refrangible ends 

respectively of each portion of the spectrum. 

The grating was placed so that to get the three portions of the spectrum into focus 

it was only necessary to move the plate-carrier, without shifting either the lens of the 

camera or the grating itself. The calculations of the wave-lengths corresponding to 

the deviations of the fiducial lines were made from the formula 

a (sin i fi-sin §) = n\, 

where n is positive for the diffracted rays on the same side of the reflected ray as 

the normal, and negative for those on the other side, is the deviation of the line 

reckoned from the normal to the grating, and positive when situated on the same side 

of the normal as the incident ray ; i is the inclination of the normal of the grating to 

the incident ray. This is, of course, at once determined from the position of the 

grating, when its normal is parallel to the incident ray. This position was found in 

the following way. A piece of plate-glass was placed in the small mahogany box at 

the end of the collimator tube (for a description of which see the paper already 

referred to in the Scientific Proceedings of the Royal Dublin Society, p. 10) in such 

a way as to allow the light from the slit to pass through it to the grating, and to 

reflect upwards the image of the slit reflected back from the grating. The grating 

was moved about till the image coincided with the slit. A wide slit was used to 

ascertain approximately the position of the grating, the slit was then narrowed as far 

as necessary, and the grating accurately adjusted. After this adjustment neither slit 

nor grating was moved during the time the whole of the series of photographs were 

being taken. 
• • • • % - s $_^ 

The deviation S„ is not measured directly. One measures or — according as 

the spectrum observed is to the right or to the left of the regularly reflected image of 

the slit. The following calculation of the wave-lengths corresponding to the fiducial 

line I. for the spectra to the left will serve as an example. 
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Position of grating when the normal was parallel to 

the incident ray. 51° 3' 18" 

Position of grating when the spectrum was being 

photographed. 42° 22' 25" 

Point on the arc corresponding to fiducial line I. . . 32° 43' 41" 

51° 3' 18"- 

0 1 22' 25"=8° 

-1 

40' 53' 

42° 22' 25"- -32° 43' 41"=9° 38' 44 

B-i 

2 

whence 3=27° 58' 21" 

8 is negative and n is negative, a= ’00146859 

therefore \=4671,7 

The constant of the grating was determined by means of the sodium lines 

If and D2 of the first and second order of spectra on both sides of the regularly 

reflected rays, with the following result:— 

Di. D;. 

First order to the right .... 0-00146831 0-00146855 
Second order. 0-00146858 0-00146861 
First order to the left. 0-00146853 0-00146900 
Second order. 0-00146861 0-00146855 

Mean=0’00146859 

The following table gives the wave-lengths corresponding to all the fiducial lines, 

together with their angular measurements. 
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Spectra to the left. 

Fiducial lines. Angular measurements. 
Corresponding -wave¬ 

lengths. 

I. 
O 

32 43 
// 

41 467L7 
11. 33 4 21 4515-27 

III. 33 25 1 4357-85 
IV. 33 45 41 4199-49 
V. 34 6 21 4040-2 

VI. 34 27 1 3880-0 
VII. 34 47 41 3718-93 

VIII. 35 8 21 3557-00 
IX. 35 29 1 3394-22 
X. 35 49 41 3230-63 

XI. 36 10 21 3066-27 
XII. 36 31 1 2901-14 

XIII. 36 51 41 2735-26 
XIV. 37 12 21 2568-68 
XV. 37 33 1 2401-41 

XVI. 37 53 41 2233-46 
XVII. 38 14 21 2064-87 

XVIII. 

Spectra to the right. 

Fiducial lines. Angular measurements. 
Corresponding wave¬ 

lengths. 

IX'. 
o / II 

37 33 1 3426-02 
X'. 37 12 2L 3250-71 

XI'. 36 51 41 3075-71 
XII'. 36 31 1 2901-00 

XIII'. 36 10 21 2726-61 
XIV'. 35 49 41 2552-57 

The fiducial lines I. to X. inclusive, photographed on the spectra to the left of the 

regularly reflected image of the slit, were contained on Plates 6-12, IX. to XV. on 

Plates 11-18, and XII. to XVII. on Plates 17-26. 

Photographs of the portion 11-18 only were taken of the spectrum to the right. 

It will be seen from the table that the differences between consecutive readings to 

the left are the same as those to the right for the same part of the spectrum. 

The reading on the goniometer when the spectra to the right were being 

photographed was 30° 39' 38". 

Determinations of the wave-lengths of the spectral lines.—The linear positions, or as 

these will be hereafter termed the scale numbers of the fiducial lines, and spectral 

lines of each plate were carefully measured off by means of the dividing engine in 

hundredths of an inch and fractions thereof. Interpolation curves were constructed 

from the wave-lengths and the scale numbers of the fiducial lines. The wave-lengths 

of the metallic lines were determined from these curves. 
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The scale numbers of the fiducial lines of the various plates are given in the 

following tables. 

Tables giving in linear measurements the positions of the fiducial lines on the 

several spectra photographed. 

Spectra to the left. 

Portions 6-12. Measurements in hundredths of an inch. 

(i) 

Fiducial 
lines. 

Indium. Aluminium. Thallium. Copper. Carbon. Magnesium. Arsenic, Mean. 

I. o-ooo 0-060 0-030 
II. 37-250 37-250 37"250 37-250 . . 37-250 37-250 37-250 

III. 74-305 74-185 74-365 74-260 74-300 74-375 74-380 74-300 
IV. 111-585 111-505 111-575 111-575 111-595 111-54 111-575 
V. 148-825 148-840 148-795 148-745 148-835 148-845 148-780 148-815 

VI. 186-225 186-225 186-190 186-380 186-165 186-186 186-250 186-210 
VII. 223-695 223-725 223-620 223660 223-675 223-740 223-685 

VIII. 261-400 261-365 261-295 261-455 261-335 261-240 261-450 261-350 
IX. 299-155 299-175 299-09 299-135 299-110 299-110 299-145 
X. 337-260 337-200 337-175 337-350 337-280 337-255 

(2) 

Fiducial lines. Lead. Tellurium. Tin. Mean. 

I. 
II. 37-250 37-250 37-250 

III. 74-555 74-440 74-345 74-500 
IV. 111-700 111-750 111-660 111-700 
V. 149-070 149-025 149-030 149-050 

VI. 186-430 186"465 186-370 186-450 
VII. 223-980 223-985 224-020 223-985 

VIII. 261-700 261-660 261-695 261-680 
IX. 299-570 299-585 299-540 299-575 
X. 337-655 337-530 337-600 337-590 

(3) 

Fiducial lines. Iron. Nickel. Mean. 

I. 
II. 37-250 37-250 37-250 

III. 74-350 74-240 74-295 
IV. 111-485 111-440 111-465 
V. 148-665 148-620 148-645 

VI. 185-965 186-050 186-010 
VII. 223-490 223-510 223-500 

VIII. 261-110 261-265 261-190 
IX. 298-885 299-100 298-995 
X. 336-880 337-050 336-965 
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Tables giving in linear measurements the positions of the fiducial lines on the 
several spectra photographed (continued). 

Spectra to the left. 

Portions 11-18. Measurements in hundredths of an inch. 

(4) 

Fiducial lines.* Magnesium. Silver. Tin. Iron. Carbon. Bismuth. Mean. 

XV. o-ooo o-ooo o-ooo 0-000 o-ooo o-ooo o-ooo 
XIV. 48-625 48-640 48-760 48-650 48-585 48-600 48-650 
XIII. 98-345 98-035 98-260 98-305 98-180 98-350 98-275 
XII. 148-925 148-965 149-040 148-965 148-895 149-150 148"965 
XI. 200-750 200-590 200-795 200-665 200-860 200-710 200-730 
X. 253-650 253-620 253-605 253-715 253-500 253-710 253-620 

IX. 308-045 308-085 308-090 308-250 308-110 308-150 308-115 

(5) (6) 

Fiducial lines.* Tellurium. Arsenic. Zinc. Mean. Lead. Antimony. Mean. 

XV. o-ooo o-ooo o-ooo o-ooo o-ooo o-ooo o-ooo 
XIV. 48-815 48-705 48-750 48-757 48-685 48-805 48-745 
XIII. 98-730 98-610 98-515 98-670 98-560 98-650 98-605 
XII. 149-520 149-500 149-350 149-457 149-320 149-560 149-440 
XI. 201-395 201-405 201-250 201-350 201-050 201-380 201-215 
X. 254-515 254-365 254-450 254-443 254-360 254-250 254-305 

IX. 308-975 308-880 308-865 308-907 308-815 308-715 308-765 

(0 (8) (9) 

Fiducial lines.* Indium. Thallium. Mean. Aluminium. Copper. 

XV. o-ooo o-ooo o-ooo o-ooo o-ooo 
XIV. 49-170 49-010 49-090 48-705 48-640 
XIII. 99-055 99-160 99-108 98-310 98-180 
XII. 150-205 150-230 150-218 149-065 148-780 
XI. 202-320 202-500 202-410 200-970 200-640 
X. 255-645 255-740 255-693 254-010 253-530 

IX. 310-305 310-305 308-340 308-040 

* These lines were measured in the reverse to the usual order. 
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Tables giving in linear measurements the positions of the fiducial lines on the 

several spectra photographed (continued). 

Spectra to the left. 

Portions 17-26. Measurements in hundredths of an inch. 

(10) 

Fiducial lines. Iron. Antimony. Mean. 

XII. o-ooo o-ooo o-ooo 
XIII. 85-805 85-790 85-800 
XIV. 168-005 168-020 168-010 
XV. 246-635 246-700 246-700 

XVI. 322-030 321-960 322-000 
XVII. 394-570 394-150 394-000 

(11) (12) (13) 

Fiducial lines. Tin. Thallium. Indium. 

XII. o-ooo o-ooo o-ooo 
XIII. 85-725 85-685 85-625 
XIV. 168-080 167-810 167-715 
XV. 246-435 246-400 246-055 

XVI. 321-800 321-615 321-310 
XVII. 393-910 393-880 393-140 

Spectra to the right. 

Portions 11-18. Measurements in hundredths of an inch. 

(1) (2) (3) 

Fiducial lines. Magnesium. Thallium. Zinc. 

i. o-ooo 0-000 0-000 
ii. 101-530 101-660 102-140 
hi. 198-000 198-630 198-965 
IV. 289-540 290-175 290-220 
V. 376-500 377-270 377-430 

VI. 458-905 459-760 459-950 
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Table of means and numbers adopted as correct measurements of the fiducial lines 

on each plate. 

Spectra to the left. 

Portions 6-12. Measurements in hundredths of an inch. 

(1) 

Fiducial lines. 
Mean 

measurements. 
Adopted numbers. Intervals. 

I. 0-03 0-15 
37-05 

II. 37-25 37-20 
37-10 

III. 74-30 74-30 
37-20 

IV. 111-575 111-50 
37-30 

V. 148-815 148-80 
37-40 

VI. 186-21 186-20 
37-50 

VII. 223-685 223-70 
37-65 

VIII. 261-35 261-35 
37-80 

IX. 299-145 299-15 
38-00 

X. 337-255 337T5 

(2) 

Fiducial lines. 
Mean 

measurements. 
Adopted numbers. Intervals. 

I. 

II. 37-25 37-25 
37T5 

III. 74-50 74’40 
37-25 

IV. 111-70 111-65 
37-35 

V. 149-05 149-00 
37-45 

VI. 186-45 186-45 
37-55 

VII. 223-985 224-00 
37-70 

VIII. 261-68 261-70 
37-85 

IX. 299-575 299-55 
38-05 

X. 337-59 337-60 

i 
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Table of means and numbers adopted as correct measurements of the fiducial lines 

on each plate (continued). 

Spectra to the left. 

Portions 6-12 (continued). Measurements in hundredths of an inch. 

(3) 

Fiducial lines. 
Mean 

measurements. 
Adopted numbers. Intervals. 

1. 

II. 37-25 37-20 
37-075 

III. 74-295 74-275 
37-175 

IV. 111-465 111-45 
37-275 

V. 148-645 148-725 
37-375 

VI. 186-01 186-10 
37-475 

VII. 223-50 223-575 
37-625 

VIII. 261-19 261-20 
37-775 

IX. 298-995 298-975 
37-975 

X. 336-965 336-95 

Portions 11-18. Measurements in hundredths of an inch. 

(4) 

Fiducial lines. Mean 
measurements. Adopted numbers. Intervals. 

XV. o-ooo o-ooo 
48-65 

XIV. 48-65 48-65 
49-65 

XIII. 98-275 98-30 
50-65 

XII. 148-965 148-95 
51-75 

XI. 200-73 200-70 
53-00 

X. 253-62 253-70 
54-35 

IX. 308-115 308-05 



ON THE MEASUREMENTS OF WAVE-LENGTHS. 75 

Table of means and numbers adopted as correct measurements of the fiducial lines 

on each plate (continued). 

Spectra to the left. 

Portions 11-18 (continued). Measurements in hundredths of an inch. 

(5) 

Fiducial lines. Mean 
measurements. Adopted numbers. Intervals. 

XV. o-ooo o-ooo 
48-80 

XIV. 48-757 48-80 
49-80 

XIII. 98-67 98-60 
50-80 

XII. 149-457 149-40 
51-90 

XI. 201-35 201-30 
53-15 

X. 254-443 254-45 
54-50 

IX. 308-907 308-95 

(«) 

Fiducial lines. Mean 
measurements. Adopted numbers. Intervals. 

XV. o-ooo o-ooo 
48-775 

XIV. 48-745 48-775 
49-775 

xm. 98-605 98-55 
50-775 

XII. 149-44 149-325 
51-825 

XI. 201-215 201-20 
53-125 

X. 254-305 254-325 
54-475 

IX. 308-765 308-80 
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Table of means and numbers adopted as correct measurements of the fiducial line 

on each plate (continued). 

Spectra to the left. 

Portions 11-18 (continued). Measurements in hundredths of an inch. 

(7) 

Fiducial lines. Mean 
measurements. Adopted numbers. Intervals. 

XY. o-ooo o-ooo 
49-05 

XIY. 49-09 49-05 
50-05 

XIII. 99-108 9910 
51-05 • 

XII. 150-218 150-15 
52-15 

XI. 202-410 202-30 
53-40 

X. 255-695 255-70 
54-75 

IX. 310-305 310-40 

(3) (9) 

Fiducial lines. Aluminium 
readings. 

Adopted 
numbers. Intervals. Copper 

readings. 
Adopted 
numbers. Intervals. 

XY. o-ooo o-ooo 
48-70 

0-000 o-ooo 
48-625 

XIY. 48-705 48-70 
49-70 

48-64 48-625 
49-625 

XIII. 98-31 98-40 
50-70 

98-18 98-25 
50"625 

XII. 149-065 149-01 
51-80 

148-78 148-875 
51-725 

XI. 200-97 200-90 
53-05 

200-64 200-60 
52-975 

X. 254-01 253-95 
54-40 

253-53 253-575 
54-325 

IX. 308-34 308-35 308-04 307-90 
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Table of means and numbers ad<ypted as correct measurements of the fiducial lines 

on each plate (continued). 

Spectra to the left. 

Portions 17-26. Measurements in hundredths of an inch. 

(10) (11) 

Fiducial lines. 
Mean 

measurements. 
Adopted 
numbers. 

Intervals. 
Tin 

measurements. 
Adopted 
numbers. 

Intervals. 

XII. o-ooo 0-000 
85-80 

o-ooo o-ooo 
85-75 

XIII. 85-80 85-80 
82-20 

85-725 85-75 
82-15 

XIV. 168-01 168-00 
78-70 

168-08 167-90 
78-65 

XV. 246-67 246-70 
75-30 

246-435 246-55 
75-25 

XVI. 322-00 322-00 

*
v

7
 

to
 

o
 

o
 321-80 321-80 

71-95 
XVII. 394-36 394-00 393-91 393-75 

(12) (13) 

Fiducial lines. 
Thallium 

measurements. 
Adopted 
numbers. 

Intervals. 
Indium 

measurements. 
Adopted 
numbers. 

Intervals. 

XII. o-ooo o-ooo 
85-70 

o-ooo o-ooo 
85-625 

XIII. 85-685 85-70 
82-10 

85-625 85-625 
82-025 

XIV. 167-81 167-80 
• 78-60 

167-715 167-65 
78-525 

XV. 246-40 246-40 
75-20 

246-055 246-175 
75-125 

XVI. 321-615 321-60 
71-90 

321-31 321-30 
71-825 

XVII. 393-88 393-50 393-14 393-125 
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Table of means and numbers adopted as correct measurements of the fiducial lines 

on each plate (continued). 

Spectra to the right. 

Portions 11-18. Measurements in hundredths of an inch. 

(i) 

Fiducial line?. 
Magnesium 

measurements. 
Adopted numbers. Intervals. 

I. o-ooo o-ooo 
101-475 

II. 101-53 101-475 
96-475 

III. 198-00 197-95 
91-625 

IY. 289-54 289-575 
86-925 

V. 376-50 376-50 
82-375 

VI. 458-905 458-875 

(2) (3) 

Fiducial lines. 
Thallium 

measurements. 
Adopted 
numbers. 

Intervals. 
Zinc 

measurements. 
Adopted 
numbers. 

Intervals. 

I. o-ooo 0-000 
101-65 

0-000 o-ooo 
101-70 

II. 101-66 101-65 
96-65 

102-14 101-70 
96-70 

III. 198-63 198-30 
91-80 

198-965 198-40 
91-85 

IY. 290-175 290-10 
87-10 

290-22 290-25 
87-15 

V. 377-27 377-20 
82-55 

377-43 377-40 
82-60 

YI. 459-76 459-75 459-95 460-00 

It will be observed that there are differences in the measurements of the fiducial 

lines which cannot be accounted for by errors of observation. These differences may 

be due to two causes : first, the difficulty of placing every photographic plate in exactly 

the same position in the camera; second, to the alteration in length of the screw of 

the dividing engine by change of temperature when the different plates were measured. 

That the temperature has some effect upon these measurements appears probable from 

the fact that the first dozen or so of photographs which were measured on consecutive 

days give those readings which agree most closely. The dividing engine could not be 

kept always in the same room, and on its removal it was probably subjected to small 
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changes of temperature such as would very nearly account for the discrepancy in the 

readings. Thus, taking the linear coefficient of expansion of wrought iron to be 

0'0000122 for 1° C., the length of screw to be 20 inches, and the change of tempera¬ 

ture 5°, the change in entire length would amount to O'OOl inch, or in 5 inches, which is 

about the measured length of each photograph, to 0'000305. From this must be deducted 

the coefficient of expansion of white glass, which amounts to 0'000215 inch, which 

reduces the error to 0‘00019. The error is generally an increasing one as the distance 

from zero increases. 

We have taken advantage of our numerous measurements to reduce the error to a 

minimum : first, by taking the mean of several readings ; secondly, by observing the 

intervals occurring between the lines and adopting numbers which, while they accord 

with the progressive increase in these intervals, closely approximate the numbers 

obtained by measurement. On comparison of the two sets of figures, it will be found 

that the mean of all readings and the mean of all adopted numbers agree. The 

greatest difference between any two series of mean adopted numbers and mean 

readings amounts to 0'0005 inch, the average error being 0‘00023 inch. The value of 

these fractions in wave-length for any portion of the spectrum is not greater than 

0"2 tenth-metre for the less refrangible, and probably as little as 0'05 for the more 

refrangible rays. 

A difference in the linear measurements of the fiducial lines could occur by an 

unequal contraction of the gelatine film on drying. This was never the case with our 

plates for the reason that the central portion of each film only was used, the films were 

dry when the photographs were taken, and would presumably remain in the same 

position on the glass after developing unless some artificial mode of desiccation were 

employed, such as the elimination of water by steeping in alcohol. This latter method 

was never resorted to. 

In the case of the photographs of the spectra to the right of the reflected image of 

the slit, one series of numbers, those of zinc, do not satisfactorily show the same 

relation between their intervals as can be traced between those of the other two plates, 

thallium and magnesium. The images on these photographs are not so sharp, and 

present consequently a greater difficulty in measurement than those on the spectra to 

the left. That the numbers adopted for the zinc plate are fairly correct is evident 

from the values determined for the cadmium lines. 

The apparently greater dispersion of the portion 17-26 than of the portion 11-18, 

and of the latter than of 6-12, is due to the varying inclination of the plates to the 

axis of the camera lens. The plates, when in focus for the portion 6-12, were but 

slightly if at all inclined, while the plates including 11-18 and 17-26 were taken at a 

very considerable inclination ; the inclination for the latter being the greater. A screen 

of cardboard was placed in front of the upper half of the slit when photographing the 

fiducial lines, in order to prevent them obscuring the spectral lines below to which 

they referred. When the reflections of the slit were too diffuse it was found advan- 
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tageous to photograph four or five spectra on one plate, the photographs of the slit 

falling on the uppermost spectrum only, any error arising from adjustment of the 

plates for the reception of the different spectra being corrected by means of the 

cadmium lines. 

The fiducial fines of the portions 6-12 were sufficiently close together for distances 

between any two of them to be taken as proportional to wave-lengths, with a 

maximum error of about 0‘1 tenth-metre. Owing, however, to the inclination of the 

plates for the other two portions of the spectrum, the error in taking the distances as 

proportional to wave-lengths was too large ; three points were therefore interpolated 

between each pair of fiducial fines. This was easily accomplished, as the intervals 

between the reflections were simply related to one another. The maximum error of 

the curves constructed with the fiducial lines and the interpolated points was about 

Off to 0’25 tenth-metre for the portions 11-18 and 17-26 respectively. Corrections 

were made for the latter error with the plates 17-26. 

The curves were constructed on millimetre paper, 4 millims. were allowed for each 

difference of a tenth-metre of wave-length and 1 millim. for each two-thousandth of an 

inch of the scale numbers. 

The wave-lengths of the cadmium lines. 

As stated in the introduction to this paper, on taking photographs from metallic 

electrodes an electrode of cadmium was always used to furnish a spectrum in reference 

to which all other spectra could be measured. In the adjoining table will be found 

the values we have adopted for the wave-lengths of the cadmium fines, together with 

the numbers afforded by each plate employed in their determination. The latter 

numbers, it will be seen, do not give the true wave-lengths, but require a small 

correction, which will be found in the table. The correction for the numbers calcu¬ 

lated for the fines 12, 17, 18, on the portion 11-18, from photographs of spectra on 

either side of the reflections of the slit, are shown by the table to be as nearly as pos¬ 

sible 2'9 and 3’3 tenth-metres, of negative sign for the spectra to the right and positive 

sign for those to the left. Guided by these corrections, and owing to the fact that 

the fines 12a, /3, y occur also on the photographs of the portion 6-12, the fines 17 and 

18 on the photographs of the portion 17-26, the corrections for the remaining fines 

have been deduced. Thus, for the portion 17-26 the corrections for the lines 17, 18 

were found to be 3‘6 and 3'8 respectively, and a correction of 4'0 was consequently 

made to remaining fines of this portion of the spectrum. In a like manner the 

corrections for the fines of the portion 6-12 were found. The explanation of the 

necessity of these corrections will be given later on, when considering the errors 

introduced by uncorrected lenses. 
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When the corrections in the preceding tables are seen to vary slightly it is owing 

to small errors which are introduced by the re-adjustment of the grating. The 

corrections applicable to each spectrum are found by converting the values obtained 

for the cadmium lines given by the fixed electrode into the wave-lengths given above. 

In the following tables the wave-lengths of a number of lines are compared with 

measurements of previous observers. That these numbers agree in a very satisfactory 

manner gives us some confidence in our method of working and in the probable 

accuracy of the wave-lengths we have adopted for the cadmium lines, as derived from 

our several measurements. With the exception of the lines 3402'9, 2196’4, and the 

triple group 3260,2, 3251’8, 3249‘5, our numbers agree well with those of M. Corntj, 

but at these points the difference is considerable. We have carefully measured these 

lines directly and we are inclined to consider our numbers correct. M. Cornu did 

not directly measure these lines, but derived the numbers he has given from a 

comparison of his photographs with his map of the solar spectrum. But the reason 

why the wave-lengths we have given are probably the more correct lies in the fact 

that about this region there are many iron lines, and our measurements of iron agree 

with those of M. Cornu, while, if our cadmium lines departed from accuracy as far as 

they differ from those of M. Cornu, this difference would occur in the iron lines. 

Comparison of the wave-lengths of lines from the spectrum of cadmium. 

Mascart. Cornu. 
Hartley 

and Adenet. 
Lecocq. Thalen. 

7 4414-5 4414-6 4414 
8 3985-6 3994-5 # , 3995 
9 3607-5 3609 3609-6 

10 3464-5 3465-5 3465-4 
11 3403-0 3401-5 3402-9 

12« 3260-2 
„/3 . . . . 3251-8 
» 7 3287-5 3247-0 3249-5 

17 2763-4 2747-7 2747-7 
18 2574-2 2572-3 2572-2 
23 2318-2 2313-5 2313-6 
24 2265-6 2265-5 2265-9 
25 2217-6 2194-5 2196-4 

No. 8 is an air line. 

Nos. 9 and 10 we discovered to be doublets, but the numbers here given are those 

assigned to the more refrangible lines of each. 

No. 12 is a triple group ; this fact was recognised by M. Cornu. The wave-lengths 

of two iron lines close to this group are the following:— 

Cornu. Hartley and Adenet. 

3246-2 3246-3 

3242-7 3243 0 
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Lines of iron compared with those in the solar spectrum measured by 

MM. Thaliiin and Cornu. 

Hartley 

and Adeney. 
Thalen. Cornu. 

Hartley 

and Adeney. 
Cornu. 

44037 4404 37427 3743-0 
4382-6 4383 3736-9 3736-5 
4325-0 3734-7 3734-4 
4307-1 4307 3719-7 3719-8 
4298-3 3709-0 3709-0 
4293-3 4294 3705-5 3705-6 
4281-7 3687-3 3687-2 
4271-0 4271 3679-5 3680-3 
4259-9 3676-5 
4249-8 4250 3647-6 3647-0 
4201-4 4201 3631-0 3630-9 
4198-4 4198 3618-6 3617-8 
4143-0 4143 3594-9 
4071-5 4071 4071-2 / 3586-3 3586-2 1 
4063-0 4063 4062-9 { 3584-8 3584-9 j 
4045-4 4045 4045-0 3581-1 3581-5 N 
3968'7 3569-6 
3933T , , 3932-9 3565-0 3564-2 
3929-7 3929-7 3558-1 3558-2 
3927-6 , , 3927-2 3554-2 3554-0 
3902-6 , , 3902-0 3540-9 3541-4 
3899-3 3525-9 3525-8 
3895-1 , . 3894-8 3520-7 3520-7 
3888-1 # , 3888-0 3513-3 3513-8 
3885-7 3885-1 3443-3 3443-7 1 

3878-1 J 3877-6 3443-1 J 
i 3877-3 3440-2 3440-0 O 

3872-2 r 3871-4 
L 3871*2 

3436-9 
3389-5 

f 3864-8 3370-2 
3865-2 , , 3865-2 3366-1 

3865-5 3364-9 
3859-6 3358-7 3359-2 P 
3856-1 3855-8 3353-3 
3849-1 3849-8 3305-4 3304-8 

3840-3 f 3840-0 3291-5 3290-8 
3840-5 3288-8 3289-3 

3834-0 3833-6 3285-4 3284-8 Q 
3827-4 3827-7 3279-9 
3825-5 3825-2 3276-2 
3824-0 3824-1 3258-2 
3820-3 3819-8 L 3246-3 3246-2 
3815-8 3815-3 3243-0 3242-7 
3812-6 3812-7 3227-0 3226-6 
3808-9 3221-5 3221-0 
3804-4 3805-0 3212-7 3212-2 
3798-4 3798-7 3209-5 
3794-6 3795-0 3204-6 3204-3 
3767-0 3766-8 3199-9 3199-8 
3765-3 3765-0 3195-7 3196-3 
3763-3 3763-3 3192-7 
3757-9 3757-8 3186-2 
3749-4 37494 3182-3 
3745-4 3745-4 3179-1 3179-8 R 

m 2 
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Ltnes of iron compared with those in the solar spectrum measured by 

MM. Thalen and Cornu (continued). 

Hartley 

and Adeney. 
Cornu. 

Hartley 

and Adeney. 
Cornu. 

3176-8 3066-6 
3153-6 3046-9 3046-5 

3143-9 

3134-6 

31441 
3144-4 

3036-4 

3024-8 

3036-1 
/ 3025-21 
13024-8 

3116-1 3020-1 3019-9 1 P 
3113-4 

3002-1 
f 3002-0] 1 

3104-8 1 3002-3 r 
3099-5 3099-8 S3 2993-6 2994-3 
3096-7 2964-0 
3082-8 2948-4 2947-8 
3070-3 2946-9 

Various metallic lines measured by other observers compared with the new 

measurements. 

Hartley 
Thalen. Cornu. 

Liveing Lecocq de Angstrom 

and Adeney. and Dewar. Boisbaudran. and Thalen. 

Magnesium lines 4480 
3837-9 

4481 
3837-7 

3832-1 3831-6 
3829-2 3829-0 

f 33362 3334-0 
* <! 3331-8 3330-0 

[3329-1 3327-0 
f 3096-1 3095-7 

3091-9 3092-0 
3090-0 3090-1 
2935-7 2934-9 
2928-0 
2913-7 

2926-7 

2851-3 
2848-0 

2850-3f 

2846-0 
f 2801-6 2801-3 

2796-9 2797-1 
1 2794-1 2794-5 
[2789-6 
r278P8 

2789-9 
2782-2 

2780-2 
< 2778-7 2779-5 

2776-9 
^2775-5 2776-9 

* Our numbers bere differ by about 2 tenth-metres, but an iron line in this part of tbe spectrum has 

given the following wave-lengths, 3358‘7 (H. and A.) and 3359'2 (Cornit). 

f Messrs. Livecng and Dewar give 2852-0 for this line. (“ On the Disappearance of some Spectral 

Lines,” Proc. Roy. Soc., vol. xxxiii., p. 429.) 
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Various metallic lines measured by other observers compared with the new 

measurements (continued). 

Hartley 

and Adeney. 
Thalen. COBNU. 

Liveing 

and Dewab. 

Leoocq de 

Boisbaudban. 

o 

Angstbom 

and Thalen. 

Aluminium lines 4477-2 4478 
3961-0 3960-7 , . 3962 
3943-4 3943-3 3943 
3092-2 3091-6 
3081-5 3081-7 

Indium lines . . 4510-2 4509 4511 
4101-3 4101 4101 

Lead lines. . . 4386-4 4386 4386 
4245-2 4246 4245 
4061-5 4062 
4057-5 4058 4056 

Bismuth lines 4301-4 4302 4303 
4259-1 4259 . # 4259 
4121-2 4119 4118 

Carbon lines . . 4266-3 4266 
3919-5 39i9-3 
3875-7 3876-5 
2993-3 2995-0 
2967-5 2968-0 
2836-8 2837-2 
2836-0 2836-3 
2746-6 2746-5 
2640-0 2640-7 
2511-6 2511-9 
2508-7 2509-0 
2478-3 2478-3 
2297-7 2296-5 

Errors. 

There are four sources of error to which the measurements from our photographs 

are open. The total error is easily eliminated, but it is difficult to give precise values 

to the individual errors. They are :— 

First—The lens of the collimator was uncorrected. It was focussed for white 

light, and the adjustment was unaltered during the photographing of the spectra. 

On this account the rays striking the grating would not be parallel to one another, 

but be slightly convergent. Further, the rays corresponding to the different fiducial 

lines would be, after reflection, diverging from points not in the axis of rotation of the 

grating. To this source of error is mainly due the correction we have to make in our 

measurements. 

Second.—M. Cornu found during his researches on the “ Ultra-Violet Solar 

Spectrum” (Annales Scientifiques de l’Ecole Normals, iii., 1874, second series, p. 430), 

that in order to make his numbers obtained by direct vision and by photography 
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comparable one with the other, he had to make a correction of — 1 '0 tenth-metre to 

those obtained by the latter means. An explanation of this will be found in M. 

Cornu’s paper. 

Third.—The error arising from the adjustment of the grating to its position for 

photographing the spectrum. This does not exceed 0"5 tenth-metre, and, it should be 

noted, appears in all the measurements of the plate. This may be eliminated by 

taking the mean of the measurements of the cadmium lines. 

Fourth.—The error in the measurements arising from change of temperature 

affecting the dividing engine. This is within ± 0'2 for well defined lines, and it is- 

always corrected by the cadmium lines. The errors of observation in the measuring 

of lines are also, for well-defined lines, at most i 0'2. 

The first and second errors are of opposite sign for the spectra, to the right and left 

of the regular reflection of the slit, and are therefore easily eliminated by taking the 

mean of the spectra on the two sides. 

The wave-lengths given in the accompanying tables are all comparable with one 

another. If an error occurs in any of the values for the cadmium lines, it will be 

common to all the lines in that part of the spectrum in which the particular line 

occurs, and will be easily eliminated. If the wave-lengths assigned to the cadmium 

lines are correct, there are only two errors to which the wave-lengths in the tables 

that have been calculated from grating spectra are liable. These are that incurred in 

the measurement of the lines by the microscope and dividing engine, and that due to 

the interpolation curve. The errors of measurement mentioned above are, for well- 

defined lines, in no case greater than fo^oth of an inch ; this, in terms of wave-length, 

equals 0’2, 0T7, and 0"12 tenth-metres for the portions 6-12, 11-18, and 17-26, 

respectively. The error of the interpolation curve is not more, we believe, than 0"1 

tenth-metre. The maximum for well-defined lines probably does not exceed f 0'3 

tenth-metre. In the case of faint lines, the general error is larger, but it seldom rises 

to more than 0'5. Thus in the accompanying table of air lines, the wave-lengths of 

which were all determined directly by measuring diffraction spectra, two sets of 

numbers taken from different photographs are given, and the numbers for the following- 

six, which are all very feeble and diffuse lines, and therefore difficult to measure, are 

the only ones differing by more than the general error :— 

Aluminium plate. Copper plate. 
Portion 6-12. Portion 6-12. 

4402-0 4403-1 

4215*9 4217-1 

4025-9 4024-7 

3851-0 3850-0 

3842-2 3841-2 

3325-3 3324-1 
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The subjoined lists give the numbers of some of the lines of tin, lead, indium, and 

copper that occur between the cadmium lines 11 and 12, and near the cadmium line 

18. Each of these lines occurs therefore on two different plates, and has been twice 

measured. 

Some Lines of Tin, Lead, Indium, and Copper, of which duplicate measurements 

have been made. 

Copper. Tin. 

Plate 6-12. Plate 11-18. Plate 17-26. Plate 6-12. Plate 11-18. Plate 17-26. 

r 

3306-8 3307 2544-5 2544-6 3329-9 3329-6 2705-6 2705-9 
3289-9 3289-9 2528-8 2528*9 3282-9 3282-9 2664-6 2665-2 
3282-2 3282-1 2526-1 2526-3 3261-7 3261-5 2660-2 2660-6 
3273*3 3273-2 2522-6 2522-7 3174-3 3174-1 2657-8 2658-1 
3246-8 3246-9 2506-3 2506-2 2645-2 2645-7 

2491-1 2491-7 2643-0 2643-3 
2489*3 2489-0 2631-4 2631-5 
2485-5 2485-7 2617-9 2617-8 
2481-8 2481-9 2593-4 2593-9 
2477-9 2478-5 2570*6 2570-5 
2468-1 2468-7 2545-5 2545-7 

2488-1 2488-8 
2482-8 2482-9 

Lead. Indium. 

Plate 6-12. Plate 11-18. Plate 17-26. Plate 6-12. Plate 11-18. Plate 17-26. 

r 

3277-9 3277-5 2716 2716-7 3236-5 3236-0 2713 2712-9 
3242-4 3242-4 2697-8 2697-7 3246-5 3245-7 2709-1 2709-5 

2662-4 2662-6 3255-3 3255-8 2706-0 2707-0 
2650-0 2650-0 3257-7 3257*9 2630-6 2631-7 
2627-1 2627-8 3273-8 3274-0 2600-3 2600-3 
2613-2 2613*5 2559-6 2559-4 
2576-3 2576-5 2553-9 2554-3 
2566-8 2567-6 2527-2 2527-0 
2561-3 2561*8 
2475-5 2476-0 

There is no distinction made in these tables between strong and weak or sharp 

and diffuse lines, and the numbers therefore represent the degree of accuracy common 

to our measurements of lines of different characters. 

Determination of wave-lengths from prismatic spectra.—Owing to the large portion 

of the spectrum being focussed on one plate, and the very fine definition of the lines, 

it was advantageous to take measurements from grating spectra, and determine the 

wave-lengths by interpolation between the fiducial lines. Faint lines, and some of 

the weak ones that were indistinguishable under the microscope, were marked by a 

fine needle-point, and a drawing of the line and point, as seen under a hand lens, was 
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taken to serve as a guide when measuring with the microscope. In this way, very 

accurate measurements were obtained, even of lines that could not possibly have been 

measured otherwise. Nearly all lines given in the accompanying tables, up to and 

including a wave-length of 2265, have been measured from grating spectra. Between 

X 2265 and X 2145*7, the very well marked lines only were measured from the grating 

spectra. The numbers not obtained from grating spectra for the other lines given in 

the tables were determined by means of an interpolation curve, constructed from 

measurements taken from prism spectra. 

The curve was laid down on millimetre paper, four millimetres being allowed for 

each difference of a tenth-metre in wave-length, and one millimetre for each ^-0JQ-^th 

of an inch of difference in the scale numbers. The wavTe-lengths were taken as 

normals, and the scale numbers as abscissae; the aggregate length of the curve from 

X = 4800 to X 2020 was about nine metres. The spectra were taken from one quartz 

prism of 60°, composed of two halves each of 30°, one of right-handed and the 

other of left-handed rotation. The prism was fixed for the minimum angle of 

deviation of the cadmium line 2747'7, and the photographs were similar to those 

published in the Journal of the Chemical Society (Transactions, vol. xii., p. 85, 

W. N. Hartley). 

In the tables, besides the wave-lengths, the scale numbers from the prismatic 

spectra are in every case given. These numbers are expressed in hundredths of an 

inch and fractions thereof. The numbers for the various metals are strictly 

comparable with each other, since the measurements from each spectrum have been 

reduced to a standard spectrum of an alloy of tin and cadmium. This was accom¬ 

plished in the following way. The spectrum of each metal was photographed with 

that of the tin-cadmium alloy. The same electrode of the alloy was employed for 

all the spectra, and was not moved during the time the whole series was being- 

photographed. An alloy of tin-cadmium was used because it gives a large number 

of well-defined lines, equally distributed. Notwithstanding the care taken, and that 

twelve spectra were photographed on the same plate, in only four spectra are the tin 

and cadmium lines coincident in position. The mean of the readings for these four 

spectra was taken for the standard spectrum, and all others were reduced to it 

by finding the corrections for the tin and cadmium lines, and interpolating correc¬ 

tions for lines between them. 

For the construction of the curve, 180 lines from the different spectra were 

employed. The whole of these lines were cut by the curve. A few lines were left 

a little to the one side or the other, but these are not included in the above number. 

The lines employed for the portion of the spectrum beyond the cadmium line 2146*8 

were those of zinc, M. Cornu’s numbers for their wave-lengths being made use of. 

This portion of the curve was made as continuous as possible with the other. Not all 

the points were cut by it, and to this is owing the slight difference between some of 

the numbers in our table of the zinc lines and those of M. Cornu, 
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The curve is a very regular one, and might be drawn from a very few accurate 

points. 

The value of the error of -gFoobh °f an inch in measurement for different parts of 

the curve for prism spectra, in terms of wave-length, is given in the following table :— 

Portion of curve between the 
wave-lengtbs given. 

4780 to 4440 

4440 to 3990 

3990 to 3G00 

3600 to 3200 

3200 to 2800 

2800 to 2400 

2400 to 2020 

Value of error in tenth-metres 
of 2-Ajo-th of an inch. 

IT to PO 

1*0 to 07 

07 to 0-5 

0-5 to 0-3 

0-3 to 0-25 

0-25 to 076 

076 to 0-08 

Well defined lines can with certainty be measured to ooofh inch ; for weak and 

indistinct lines the error of measurement amounts to Tc/ooth, but even with this error 

most satisfactory determinations can be obtained from the curve. 

Great care is necessary in measuring these prismatic spectra. It is difficult to 

accurately adjust the cross hairs to the lines, owing to the latter being somewhat, 

though very slightly, curved; consequently the readings may not be quite true with 

reference to the tin and cadmium lines, but either a little too small or a little too 

large. 

The danger of this error is reduced to a minimum if the photographs are taken 

with the electrodes rather close together, or where only strong lines are to be observed 

by making the spark cross the slit. 

In the list of lines given in the tables for each metal, the greatest care has been 

taken to eliminate those due to foreign metals. This has been done as completely as 

possible by taking a large number of photographs of the spectra of several elements 

for the purpose of comparison. In cases of doubt, spectra of very strong solutions of 

the purest salts were taken. It has been found that lines due to impurities generally 

present a decidedly different character to any of the lines due to the metal under 

examination. This will be referred to again further on. The wave-length of every 

line identified with a given metal has been determined either from the grating or 

prismatic spectrum. In the present state of our knowledge this has been thought 

important. The short lines of cadmium and zinc, for instance, have not been 

measured by previous observers; they are, however, a very characteristic feature in 

each spectrum. 

Certain weak lines do not appear in the diffraction spectra, but are plainly visible 

in those obtained by means of a prism. Such lines have been measured with the 

interpolation curve, and are distinguished in the following tables by their wave¬ 

lengths being printed in italic figures. 

MDCCCLXX XIV. N 
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It was originally intended that these spectra should be drawn on the same scale as 

Cornu’s map of the solar spectrum; this would have necessitated scales and drawings 

eight feet in length for each of the sixteen spectra. The work was actually com¬ 

menced, but the mapping of every line proved too laborious; accordingly enlarged 

photographs of the prism spectra, about thirty-six inches in length, have been utilized 

by writing the wave-length over each line. These photographs are intended to serve 

for particular reference. In addition, each line has been carefully described, and its 

position on the photographed spectra has been very carefully determined and recorded 

in the scale numbers. For the purposes of chemical analysis, small maps and actual 

photographs, showing the characters of the lines, are of most value, and accordingly 

the principal lines have been drawn on the scale of wave-lengths on sheets of a size 

convenient for reference and comparison with a series of prism photographs ten inches 

in length. The scale numbers refer to spectra of about one-half these dimensions. 

Should it be found necessary at any time to rectify any of the wave-lengths given in 

this paper, this may be easily accomplished by the use of an interpolation curve, 

derived from the scale numbers and true wave-lengths. 

In all cases where the wave-lengths on the maps differ from the numbers in the 

tables the latter must be considered as the more correct, the drawings being on too 

small a. scale to admit of great accuracy, and moreover some of the numbers were 

slightly altered after the maps had been drawn. 

Descriptions of Spectra and Tables of Wave-Lengths. 

Full particulars concerning the method of producing the prism spectra, together 

with an account of the electrodes employed, have been already published in the 

Scientific Transactions of the Royal Dublin Society, and the characters of the various 

lines observed is there defined. 

A peculiar feature of certain lines in the spectra of cadmium and indium has been 

observed, we believe, for the first time by us. The lines are continuous lines, but 

they do not extend from the point of one electrode to the other, but occupy only an 

intermediate position, commencing and terminating at some distance from the metallic 

points. A similar character is observable in certain air lines, when strong metallic 

lines occur in close proximity on either side. In both air lines and metallic lines the 

central portions become stronger, and the ends fade away as the temperature is 

increased. Lines which show this in a marked degree are those of indium with 

wave-lengths 24295, 2389"8, 2332"2, and that of cadmium with wave-length 25445. 

In a less remarkable manner the following lines represent this character in cadmium : 

3080-2, 2868-0, 2832-3, 2774*5, 2763-1, 26585, 2635*3 ; in indium, 2956*1, 27093, 

26025, and 2520"9. Air lines altered by the proximity of metallic lines are the 

following : 3408-0, 33295, 30075, and 27335. 
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The Spectrum of Air. 

Scale- 
numbers. Description of lines. 

Eloctrodes employed. 

Remarks. 
Copper. Aluminium. Mean. 

Wave- Wave- Wave- 
lengths. lengths. lengths. 

7-97 Faint. 4674-2 . . 4674"2 The air lines being diffi- 
8-60 Faint. 4660-2 . , 4660-2 cult to measure, we 
9-08 /Weak. 4647-2 4647-2 have taken the mean 
9-48 / Weak. 4641-2 4641-2* wave - lengths derived 

10-00 Strong . 4629-0 4628-7 4628-9 from two or three 
10-40 W eak. 4619-9 * • * 4619-9 different photographs. 
10-74 Weak. 4612-3 4612-3 *Thal^n gives this line as 
11-10 Weak. 4605-6 4605-6 double. 
11-40 Weak. 4600-1 . . 4600-1 
11-85 W eak. 4595-0 4595-0 
11-89 W eak. 4589-3 4589-3 
13-80 Faint nebulous band 4553-2 4553-2 

Faint. 4543-4 4543-4 
14-97 f Weak band. 4530-1 4530-1 
15-25 \ Faint, nebulous .... 4523-0 4523-0 
15-7 Weak, fine. 4513-7 4513-7 
15-9 Weak. 4506-6 4506-6 
16-96 Weak, fine. 4476-6 , . 4476"6 
17-48 Weak band. , 4466-1 . . 4466-1 
18-23 Weak, fine. 4458-7 4458-7 
19-25 Strong. 4446-3 4445-8 4446-0 
20-03 / Weak nebulous band . . 4433-0 4432-2 4432-6 
20-30 \ Weak, nebulous .... 4426-3 4425-5 4425-9 
20- 89 
21- 01 

j Weak. 
\ Weak. 

4415-5 
4413-6 | From the platinum plate. 

21-80 Faint. 4403-11 4402-0 4402-6 
21-93 W eak. 4395-0 4394-8 4394-9 
22-5 Very faint. . . 4386-3 4386-3 
22-83 Faint. 4378-1 4377-9 4378-0 
23-61 Weak. 4365-9 4365-7 4365-8 
24-16 Very faint, nebulous. 4356-4 4356-4 
24-53 /Weak, fine. 4350-7 4350-2 4350-5 
24-67 < Strong. 4348-4 4348-0 4348-2 
24-83 /Weak, fine. 4343-8 4344-0 4343-9 
25-32 Faint. 4336-0 4335-8 4335-9 
25-63 Faint. 4330-9 4330-6 4330-8 
25-78 / Faint. 4327-2 4326-6 4326-9 
25-88 \ Faint. 4324 6 4324-6 4324-6 
26-31 / Weak. 4319-0 4318-5 4318-7 
26-44 1 Weak. 4316-3 4316-1 4316-2 

2715 / Very faint, nebulous . . 4306-1 4306-9 4306-5 
\ Very faint. . . 4302-0 4302-0 

27-16 Faint, nebulous ... 42903 4289-7 4290-0 

28-93 / Faint, nebulous .... 4275-3 4275-3 
\ Very faint, sharp .... . . 4274-3 4274-3 

29-49 Very faint ...... 4265-8 4264-9 4265 "4 
30-21 Faint. 4253-4 4253-3 4253-4 
30-95 f Strong, nebulous .... 4240-2 4241-0 4240 6 
31-21 < Strong, nebulous .... 4236-7 4236-0 4236-4 
31-68 [ Fairly strong, nebulous . 4229-1 4228-7 4228-9 
31-98 Faint, nebulous .... 4222-3 4222-8 4222-6 
32-38 Faint. 4217-1 4215-9 4216-5 
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The Spectrum of Air (continued). 

Scale- Description of lines. 

Electrodes employed. 

Remarks. numbers. 
Copper. Aluminium. Mean. 

33-16 
33- 63 
34- 16 
34- 43 
35- 09 
35-41 
35- 97 
36- 47 
37- 03 
37- 29 
38- 50 
38- 73 
39- 23 
39-68 
39- 77 
40- 25 
40-36 
40- 97 
4]-68 
41- 98 
42- 13 
42-58 
42-94 
44- 09 
4P55 
45- 18 
47-33 
47- 83 
48- 23 
48- 97 
49- 33 
50- 30 
51- 03 
51-43 
51-88 
52T3 
53-03 
53- 57 
54- 95 
55- 85 
57-27 
57- 86 
58- 43 
58- 99 
59- 20 
59- 86 
60- 46 
61- 97 
63-07 
63- 97 
64- 92 
65"95 

f Faint, nebulous .... 
[ Faint, nebulous .... 
f Weak, sharp. 
[ Weak, sharp. 
f Weak, broad, nebulous . 
\ Weak, nebulous . . . . 

Very faint, nebulous. 
Weak, fine. 
Fairly strong, fine . . . 
Fairly strong, fine 

f Faint, fine. 
\ Fairly strong, fine 

Faint, fine. 
f Fairly strong, fine . . . 
[ Fairly strong, fine 

Strong, fine. 
Very faint, fine .... 
Faint, fine. 

p Strong, fine. 
< Strong, fine. 
[ Strong, fine. 
/ Very faint, fine 
[_ Very faint, fine . 
f Strong, broad, nebulous 

< Weak, nebulous .... 
[Faint, nebulous .... 

Very strong, sharp . 
Very faint. 
Faint, sharp, fine.... 
Strong’, fine. 
Faint, fine. 
Strong, fine. 

f Faint, nebulous .... 
J Weak, nebulous .... 
) Very faint. 
[Very faint. 

Strong, fine.. 
Weak, fine. 
Very faint. 
Weak, fine. 

["Faint, fine. 
Weak, nebulous .... 
Faint, fine. 
Faint, nebulous .... 
Weak, nebulous .... 
Weak, fine. 

PV ery faint. 
Faint, fine. 
Faint, fine. 
Faint, fine. 
Faint, fine. 
Faint, fine. 

Wave¬ 
lengths. 
4206-4 
4197-5 
4189-3 
4185-2 
4176-4 
4169-0 

4152-8 
4145-4 
4132-8 
4123-6 
4118-8 
4110-5 

j 4103-6 | 

4096-2 

4084"4 
4074-9 
4071-3 
4069-1 

4041-8 
4034-3 
4024-8 
3994-6 

3982-9 
3972-6 

3954-8 
3944-1 
3939-0 
3932-4 

3918-5 
3911-8 

3881-8 
3864-2 
3856-4 
3850-0 
3841-2 
3839-5 
3831-0 

3803-7 
3791-6 
3781-8 
3771-6 
3759-4 

Wave¬ 
lengths. 
4206-2 
4198-3 
4189-4 
4185-0 
4177-3 
4169-5 
4157-9 
4152-6 
4145-3 
4132-7 
4123-7 
4119-1 
4111-2 
4104-3 
4102-6 
4096-7 
4092-6 
4085-3 
4075-3 
4071-5 
4069-2 
4063-5 
4057-2 
4041-5 
4034-5 
4025-9 
3994-5 
3988-5 
3983-1 
3972-4 
3967-3 
3954-9 
3945-0 
3939-5 
3933-5 
3929-0 
3918-4 
3911-6 
3892-4 
3882-0 
3863-4 
3856-1 
3851-0 
3842-2 
3839-1 
3831-1 

3804-4 

3782-4 
3771-3 
3759-4 

Wave¬ 
lengths. 
4206-3 
4197-9 
4189-3 
4185-1 
4176-8 
4169-2 
4157-9 
4152-7 
4145-4 
4132-8 
4123-7 
4119-0 
4110-9 
4104-3 
4102-6 
4096-5 
4092-6 
4084-8 
4075-1 
4071-4 
4069-2 
4063'5 
405 7 "2 
4041-7 
4034-4 
4025-3 
3994-5 
3988-5 
3983-0 
3972-5 
3967"3 
3954-8 
3944" 5 
3939-2 
3932-9 
3929-0 

' 3918-5 
3911-7 
3892-4 
3881-9 
3863-8 
3856-2 
3850-0 
3841-7 
3839-3 
3831-0 
3824-0 
3804-0 
3791-6 
3782-1 
3771 5 
3759-4 

An approximation. 
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The Spectrum of Air (continued). 

Scale- 
numbers. 

Description of lines. 

Electrodes employed. 

Remarks. 

Copper. Aluminium. Mean. 

Wave- Wave- Wave- 
lengths. lengths. lengths. 

66-35 Faint, fine. 3753-7 3753-7 3753-7 
66-85 Strong, fine. 3749-0 3748-9 3749-0 
67-57 Very faint, fine .... 3739-3 3740-1 3739-7 
68-78 Strong, fine. 3726-6 3726-6 3726-6 
70-01 Fairly strong, fine . . . 3712-2 3712-2 
70-89 Very faint. J’ *_ . 3702-0 An approximation. 
71-89 Faint, fine, sharp. 3639-0 3639-0 
79-21 ’ Faint, fine. 3613-6 3613-6 
79-63 Weak, fine. 36100 3610-0 
81-08 'Weak, fine. 3595-0 3594-9 3595-0 
81-62 J Weak, fine. 3589-6 3589-7 3589-6 
82-29 Weak, fine. 3583-1 3584-3 3583-7 
82-90 Weak, fine. 3575-9 3576-4 3576-2 
84-38 Weak, nebulous .... 3560-4 3560-9 3560’6 
85-10 Very faint. 3550-3 3550-3 
85-93 Weak, nebulous .... 3545-6 3544-8 3545-2 
89-21 J ’ Very faint, fine .... 35/4-/ 
90-76 * Very faint, fine .... 3499-7 
91-61 Weak, fine. ■ 3490-7 
93-05 Faint, fine. 3478-2 3478-1 3478-1 
93-83 Weak, fine. 3471-2 3471-2 
95-51 'Very faint, fine .... 3456-2 
96-40 Very faint, fine .... 3448-0 
97-63 Strong, fine. 3436-8 3437-1 3436-9 This line is much altered 

100-96 Fairly strong, fine 3407-8 3408-2 3408-0 in the palladium spec- 
103-08 Fairly strong, fine 3389-7 3390-0 3389-9 trum by two strong 
104-51 'Weak, fine. 3376-6 3377-2 3376-9 neighbouring lines. It 
105-00 \ Faint, fine, sharp.... 3373-6 3373-6 appears strong in the 
105-28 Faint, fine, sharp. 3370-2 3370-4 3370-3 centre, thinning away 
105-65 ' Fairly strong, fine, sharp . 1 3366-1 3366-4 I 

3366-7 towards each end. 
105-77 Fairly strong, fine, sharp . 1 3365-7 
107-28 Fairly strong, fine . . . 3353'7 3353-7 
108-63 Very faint, nebulous. 3342-7 
109-88 ' Strong, fine. 3331-8 3331-2 3331-5 In the antimony spectrum 
110-23 Strong, fine. 3329-1 3329-4 3329-3 only the central por- 
110-79 Faint, fine. 3324-1 3325-3 3.324-7 tion of this double line 
111-49 Weak, fine. 3320-1 3319-9 3320-0 is visible, the two ends 
112-97 f Very faint, fine .... 3313-3 3313-3 gradually thinning 
113-07 < Very faint, fine .... 3307-1 3307-1 away. A metallic line 
113-75 \ Very faint, fine .... 3301-1 3301-1 fails near it. 
115T3 Faint, nebulous, broad . 3289-9 3289-9 Possibly a triplet. 
117-26 Faint, nebulous .... 3274-6 3274-2 
118-33 J Weak, fine . 3265-2 3265-2 
119-05 Weak, fine. 3259-9 3259-9 
124-57 Very faint. 3219-7 3219-7 This and the following 
132-97 Very faint, fine .... 3157-4 3157-4 lines are from the 
135 61 J Fairly strong, fine 3139-0 3139-6 3139-3 indium and thallium 
136-51 1 Fairly strong, fine . 3134-2 3134-2 plates, 11-18. 
138-36 Very faint. 3122-4 3122-4 
148-14 Very faint, fine ... 3058-4 3058-4 
150-00 Faint, fine. 3046-3 3046-3 
150-73 Very faint, fine .... 3042-5 3042-5 
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The Spectrum of Air (continued). 

Scale- 
numbers. Description of lines. 

Electrodes employed. 

Eemarks. 
Copper. Aluminium. Mean. 

Wave- Wave- Wave- 
lengths. lengths. lengths. 

152-01 Faint, fine. 3034-9 3034-9 
153-77 Weak, fine. 3024-1 3024-1 
154-86 Faint, fine. 3016-1 3016-1 
156-27 Strong, fine. 3006-7 3007-4 3007-0 In the antimony and ar- 
160-45 Weak, fine. 2983-0 2982-6 2982-8 senic spectra a metallic 
164-59 Faint, fine. 2959-7 2959-3 2959-5 line falls near this, 
178-35 f Faint, fine, sharp.... 2884-6 2884-6 and its character is 
178-87 ^ Faint, fine, sharp.... 2880-4 2880-4 altered. In other spec- 
189-975 Weak, nebulous .... 2822-8 2823-3 2323-1 tra it generally appears 
194-935 Faint, fine. 2799-0 2800-0 2799-5 stronger, and in cad- 

mium it is strong 
throughout its length, 
but in the case of the 
above spectra it is 

* strongest in the centre. 
205-615 Very faint, fine .... 2748-8 2748-8 This and following num- 
208-955 Faint, fine. 2733-2* bers from the indium, 
213-875 Faint, broad, nebulous . 2710-1 17-26 plate. 
241-375 Mery faint. 2598-4 *The line2733"2is strongest 
243-105 Faint, fine. 2591-8 in the centre, thinning 
246-175 Faint, fine. 2580-0 away at each end. 
261-85 Weak, nebulous, broad . 2522-1 
274-78 Weak, fine, sharp , 2478-1 
279-42 Very faint, nebulous. 2463-0 
282-29 Faint, fine. 2453-8 
284-80 Fairly strong, fine 2445-2 
288-56 Fairly, strong, fine . 2433-6 
291-58 Weak, nebulous .... 2423-8 
293-37 Faint, fine. 2418-6 
294-15 Very faint, fine .... 2416-2 
295-60 Very faint, fine . . . . 2411-7 
296-95 Very faint, fine . . . . 2407-7 
299-975 Very faint, fine .... . , 2398-3 
302-555 Very faint, fine .... 2390-7 
322-86 Very faint, broad, nebulous 2332-2 
328-21 Fairly strong, broad -2318-1 
333-25 Very faint, fine, sharp . . 2314-4 
334-23 Faint, fine, sharp . . 23013 2301-8 2301-8 
335-62 Faint, fine, sharp 2297-6 22980 2298-0 1 From the zinc and bis- 
337-14 Faint, fine, sharp 2294-1 2294-2 2294-2 | muth prism spectra. 

338-35 Very faint, fine, sharp . 2291-0 
339-00 Very faint, fine, sharp . . , 2289-3 
354-51 Very faint, nebulous 2250-2 
381-19 Very faint, nebulous 21860 An approximation. 
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Scale- 
numbers. 

17-46 

54- 72 
55- 03 
57- 90 
58- 58 
59- 30 
59- 83 
60- 07 
65-45 

109- 52 

110- 04 
110-36 
135- 67 
136- 33 
140-55 
142-30 
142- 85 
143- 18 

145-85 
150-09 
167- 74 
168- 70 

170-18 

172-58 
178-25 
184- 63 

185- 23 
185-61 
191- 72 
192- 80 

194- 55 
195- 39 
195- 95 
196- 92 

198-64 
198- 96 

199- 30 
199-61 

199-97 
208-48 
208-80 
226-42 

The Spectrum of Magnesium. 

{ 
{ 

Description of lines. 
Wave¬ 

lengths. Remarks. 

Very strong, discontinuous, broad, with 
nimbus. 

Weak, short. 
Weak, short. 
Weak, short. 
Weak, short. 
Strong, continuous, extended . . . 
Strong, continuous, extended . . . 
Strong, continuous, extended . . . 
Faint, short, broad, nebulous . . . 
Weak, fine, continuous, extended, faint 

in centre. 
Weak, fine, continuous. 
Weak, fine, continuous. 
Faint, short. 
Faint, short. 
Weak, short, broad, nebulous 
Strong, continuous, fine, extended . . 
Fairly strong, continuous, fine, extended 
Fairly strong, continuous, fine, weak in 
centre. 

Weak, short, fine........ 
Faint, short, fine. 
Faint, very fine, discontinuous . . . 
Very strong, continuous, broad, with 

nimbus extended. 
Very strong, continuous, broad, with 

nimbus extended. 
Strong, fine, short. 
Faint, short, broad, nebulous . 
Very strong, continuous, broad, with 

nimbus, extended. 
Very faint, fine, continuous . . 

.Very faint, fine, continuous . . 
Faint, discontinuous, nebulous . 
Faint, discontinuous, nebulous . 

4480-1 
3896 0 
3892-0 
3855-5 
3849-5 
3837-9 
3832-1 
3829-2 
3765-3 

3336-3 
3331-8 
3329-1 
3139-3 
3134-3 
31070 
3096-2 
3091-9 

3089-9 
3071-6 
3046-0 
2941-6 

2935-8 

2928-1 
2913-8 
2884-3 

2851-2 
2847-9 
2845-9 
2815-3 
28100 

Very strong, continuous, fine, extended 
Very strong, continuous, fine, extended 
Very strong, continuous, fine, extended 
Very strong, continuous, fine, extended 

2801-6 
2796-9 
2794-1 
2789-6 

All the strongest lines of magnesium 
are much extended and sur¬ 
rounded by a very strong nimbus. 

A nebulous air-line occurs at 
X=3856-l. 

very strong nimbus is seen 
around these lines. 

|>A large nimbus is seen here. 

The first and third lines of this 
quadruple group are more per¬ 
sistent than the second and 
fourth, so that the former lines 

k. ' 

are visible in solutions too 
dilute to show the latter. The 
nimbus to this group of lines is 

J remarkably strong. 
'Fairly strong, continuous, fine 
Fairly strong, continuous, fine, weak in 
centre. 

- Strong, continuous, fine. 
Fairly strong, continuous, fine, weak in 
centre. 

^Fairly strong, continuous, fine . . 
f Faint, fine, discontinuous. 
\ Faint, fine, discontinuous. 

Short, weak, broad, nebulous . . . 

2781-8 

2780-2 
2778-7 

A nimbus surrounds the extremi¬ 
ties of these lines. 

2776-9 
2775-5 
2736 0 
2734-3 
2658-4 
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The Spectrum of Zinc. 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. ■ Remarks. 

5-72 Faint, shoz’t, fine. 4725 0 The lines of zinc are much extended. 
772 Faint, sliort, fine. 46800 

61-35 Very faint, short. 38135 
61-53 Very faint, short. 3811-5 
66-12 Faint, very short. 3757-5 
69-34 Weak, very short. 3720-5 
69-98 Weak, very short. 3713-5 
70-79 Weak, very short. 3704-5 
71-75 Weak, very short. 3694-0 
72-75 Weak, very short. 36830 
74-13 Weak, very short. 3668-0 
76-01 Faint, very short. 3645-4 
77-49 Weak, very short. 3632-2 
78-25 Weak, very short. 3623-4 
82-57 Faint, very short. . 3578-2 
84-35 Faint, very short. 3560-8 
86-84 Very faint and short. 3536-8 
87-56 Faint, very short. 3529-8 
89-73 Very faint and short. 3569-2 
91-61 Faint, very short. 3491-8 

108-49 f"Vert strong, continuous, broad, with 
nimbus, extended. 3344-4 

113-75 Vert strong, continuous, broad, with 
nimbus, extended •. 3301-7 

116-30 Strong, continuous, with nimbus, 
l extended. 3281-7 

119-53 Faint, very short. 3255-8 
121-77 J Faint, very short. 3238-7 
122-30 [ Faint, very short. 3234-6 
145-69 ' Strong, continuous, fine, sharp, 

< extended . 3075-6 
146-22 Strong, discontinuous, fine, extended . 3071-7 
152-03 Strong, discontinuous, slightly ex- 

tended . 3035-4 
153-89 Faint, short.. 3024-1 Coincident with an air line. 
154-85 Weak, discontinuous, fine, sharp 3017-5 
158-21 Faint, very short. 2996-7 
164-86 Faint, very short. 2959-5 Coincident with an air line. 
177-86 Faint, very short. 2886-4 
183-60 Faint, very short. 2856-3 
194-98 f Strong, continuous, fine, with a nimbus 2800-1 
198-54 Very faint, short. 2782-5 
199-30 H Faint, short. 2778-4 
201-23 Strong, continuous, with a nimbus 2770-2 
204-37 _.Fairly stronq, discontinuous .... 2754-5 
212-17 Faint, short. 2719-7 
213-97 Faint, long. 2711-5 
220-45 Faint, long. 2683-8 
226 "64 Faint, short. 2657-0 
238-96 Weak, discontinuous, fine. 2607-6 
242-97 < Very faint and short. 2592-3 
243-75 Very faint and short. 2589-3 
244-84 Very faint and short. 2585-1 
245-81 Weak, discontinuous, fine. 2581-4 
247-58 Weak, short ........ 2574-8 
249-01 Weak, short. 2569-4 
252-31 Vert strong, continuous, broad, with 

a nimbus much extended .... 2557-3 
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The Spectrum of Zinc (continued). 

Scale- 
numbers. 

Description of lines. Wave¬ 
lengths. 

Remarks. 

258- 42 

259- 17 
260- 85 
262-26 
264- 12 

265- 85 
267-95 

269-23 
269-34 
271- 10 
272- 44 
272- 70 
273- 10 

274- 43 
276- 56 
277- 70 

278- 38 
279- 40 
279- 88 

280- 37 
283-44 
286-02 

287- 29 
288- 51 
290- 73 

291- 91 
292- 75 
293- 35 
296- 69 
297- 71 
298- 79 
299- 81 
300- 60 
301- 68 
302- 76 
304- 79 
305- 30 
309- 10 
310- 43 
317T0 
317-79 
324-04 
329-30 
331-58 
347-76 
352-62 

402-91 
419- 05 
420- 04 
421- 51 
422- 95 
428-02 

431-87 
436-50 
439- 37 
440- 35 
460-30 

J Faint, very short. 
(_ Faint, very short. 

Strong, very short. 

Strong, very short. 
Stkong, very short. 
Stkong, very short. 
Very strong, broad, sharp, continuous, 

with a nimbus, extended .... 
Very faint, short. 
Very faint, short. 
Strong, short, nebulous. 
Strong, very short. 
Weak, very short. 
Faint, very short. 
Faint, very short. 
Weak, very short. 

J Faint, very short. 
\ Weak, very short. 
f Faint, very short. 

< Weak, very short. 
L Faint, very short. 
fWeak, very short. 

J Weak, very short. ....... 
] Weak, very short. 
L Faint, very short. 
f Strong, very short. 

J Weak, very short. 
| Faint, very short. 
LStrong, very short. 

Weak, very short. 
Weak, very short. 
Very faint and short. 
Very faint and short. 
Very faint and short. 
Very faint and short. 
Very faint and fine, rather long . . . 
Very faint and short. 
Very faint, fine, discontinuous . 
Very faint, short. 
Very faint, short. 

f Weak, very short. 

1 Very faint, fine, discontinuous . 
Very faint and short. 
Weak, very short. 
Weak, very short. 
Faint, very short, fine, sharp. 
Faint, very short, fine, sharp.... 

Weak, continuous, nebulous .... 
f Faint, discontinuous, fine. 

J Faint, discontinuous, fine. 
| Faint, continuous, nebulous .... 
[.Very faint, discontinuous. 

Faint, short, nebulous. 
Faint, short, fine. 
Very faint, short. 

f Faint, discontinuous, nebulous . 
\ Faint, continuous, nebulous . . . . 

Faint, continuous, nebulous .... 

2535 0 
2532-3 
2526-3 
2521S 
2514-7 
2508-7 

2501-5 
2497-0 
2496-5 
2490-4 
2485-9 
2485-0 
2483-7 
2479-2 
2472'2 
24683 
2465-9 
2462-8 
24613 
2459-8 
24500 
2441 6 
2437-7 
2433-9 
24270 
2423S 
2420-7 
2418-8 
2408-4 
2405-3 
2401-9 
2398-7 
2396-4 
2393-3 
2390-1 
2384-2 
2382S 
2371-7 
2367-8 
2348-7 
2346-7 
2329-3 
23150 
23088 
22670 
2255-0 
21385 
2104-2 
21020 
2099 0 
20959 
2085-4 
2077-6 
2068-4 
20628 
2060-8 
2024-2 

These lines appear as dots on the 
photographs. 

The lines more refrangible than 
this, described as very short, 
appear as dots on the photo¬ 
graphs. 

} 

Cornu measured this quadruple 
V group as a double line, X of the 

more refrangible line =2098"8. 

Cornu did not measure these lines. 

MDCCCLXXXIV. O 
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The Spectrum of Cadmium. 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Remarks, 

2'45 Faint, fine, discontinuous. 4799-0 The strongest lines of cadmium 

7-85 Weak, fine, discontinuous. 4676" 7 are remarkable for being 

20-93 Weak, fine, continuous, extended . 4414-5 much extended, more so than 

32-53 Faint, very sfiort. 4215-3 those of zinc or even magne- 

36-15 Faint, very short. 4158-0 sium. The nimbus surround- 

37-29 Faint, very short. 41410 ing the electrodes is larger 

38-19 Faint, very short. 4127-4 than that of zinc, but much 

39-01 Faint, very short. 4115-2 less than that of the magne- 

47-93 Faint, very short. 3987-6 sium lines. 

48-75 Weak, very short. 3976-3 
49-89 Weak, very short. 3974-5 
51-39 Weak, very short. 39400 
58-29 Faint, very short. 3851-0 
61-64 Faint, very short. 3810-0 

(72-59) (Faint, fine).. (3682-6) Line of doubtful origin. Like an 
impurity, as it proceeds from 
one electrode only. 

79-37 r Strong, continuous, greatly extended, 1 

J with a nimbus. 36LP8 A pair appearing like a single 
79-68 I Very strong, continuous, much ex- f line. 

tended, with a nimbus .... 3609-6 
87-06 Weak, fine, discontinuous. 3535-0 
90-88 Weak, short, nebulous. 3498-2 
94-30 r Strong, continuous, much extended, 1 

J 
< 

with a nimbus. 3466-8 A pair appearing like a single 
94-50 Very strong, continuous, much ex- ( line. 

tended, with a nimbus .... 3465-4 - 

101-45 Very strong, continuous, extended 3402-9 
103-56 Weak, very short. 33847 1 
115-76 J f Faint, very short. 32853 These lines appear somewhat 
116-06 Weak, very short. 3282-9 >- nebulous, being very short 
116-87 Weak, very short. 3276 4 and crowded together. 
118-45 Weak, very short. 3264-1 
119-00 Strong, continuous, extended, fine . 3260-2 
120-04 Weak, fine, continuous. 3251-8 
120-42 Strong, fine, continuous, extended, 

weak in centre. 3249-5 
122-21 Faint, very short. 3233-6 
123-91 f Faint, very short. 3222-6 
124-30 Faint, very short. 3219-9 
124-77 Weak, very short. 3216-0 
125-39 Faint, very short. 32118 
125-79 Weak, very short. 3209-0 
126-91 Faint, very short. 3200-6 
127-49 f Weak, very short. 3196-8 
127-78 Weak, very short. 3194-9 
129-21 f Strong, very short. 3185-1 
129-62 [ Faint, very short. 3181-5 
130-13 f Faint, very short. 3177-9 
130-40 1 Faint, very short. 31761 
130-87 Strong, very short. 31729 
132-60 Strong, very short. 31610 
133-30 Weak, very short. 31566 
133-78 Faint, very short. 3152-7 
136-80 Weak, continuous, fine. 3132-5 
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The Spectrum of Cadmium (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

137-34 Strong, very sliort. 3129-4 

138-05 f Weak, very short. 3123-6 

138-47 Weak, very short. 3120-9 

138-92 __ Fairly strong, very short. 3117-8 

139-80 Weak, very short. 31120 
142-38 'Strong, very short. 3095-0 

143-05 J Faint, very short. 3090-5 
143-48 1 Faint, very short. 3087-7 
144-10 Strong, very short. 3084-3 

144-60 Weak, continuous, fine. 3080-2 This line appears strongest in the 

145-24 J ’ Weak, very short. 3076-7 centre. 

145-78 Faint, very short. 3073-2 
146-61 "Fairly strong, very short. 3067-8 
147-21 Strong, very short. 3064-0 
148-13 Fairly strong, very short. 3058-4 Coincident with an air line. 
149-10 Fairly strong, very short. 3052-3 

149-75 ^Fairly strong, very short. 3048-2 

151-88 Faint, very short. 30349 
153-68 Faint, very short. 3023-8 
154-93 ’ Weak, very short. 3016-1 
155-48 Faint, very short. 3013-8 
157-18 Faint, very sliort. 30025 
158-47 Weak, very sliort. 2994-8 
159-93 Weak, very sliort. 2986-1 
161-05 Strong, continuous, extended . . . 2979-9 

162-70 Weak, very short. 2970-2 
163-95 Faint, very short. 2964-5 

165-96 r Faint, very short. 2951-4 

166-75 Fairly strong, short. 2947-1 

173-50 Weak, very short. 2909-9 
179-07 Strong, continuous, extended . . . 2880-1 

181-37 Weak, continuous, fine. 2868-0 In some photographs this line 
187-65 Fairly strong, continuous. 2836-1 appears strongest in its cen- 
188-22 Faint, short. 2833-0 tral portion, more especially 

when the spark is strong and 
the electrodes near together. 
Though continuous it does 
not extend from pole to pole. 

188-30 Faint, fine, continuous. 2832-3 Strongest in its central portion. 
193-37 Faint, very short. 2807-3 
194-01 Weak, very short. 2804-0 
199-10 Faint, very short. 2779-8 
200-18 Faint, continuous, fine. 2774-5 Strongest in its central portion. 
202-04 Weak, very short. 2766-5 
202-58 Weak, fine, continuous. 2763T Strongest in its central portion. 
205-87 Vert strong, continuous, broad, with 

a nimbus, and greatly extended . 2747-7 
210-72 Weak, very short. 2726-9 
215-34 Faint, very short, fine. 2706-0 
222-05 Weak, continuous, fine.. 2677-2 
226-49 Very faint and short .. 2658-5 Strongest in its central portion. 
228-67 Very faint and short. 2649-4 
229-62 Very faint and short. 2645-4 
231-05 Very faint and short. 2639-5 
231-12 Weak, continuous, fine. 2639-7 
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The Spectrum of Cadmium (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

232-09 fVery faint and short. 26353 Strongest in its central portion. 
232-75 Very faint and short. 2632-7 
232-84 > Very faint, continuous, fine .... 2632-3 
233-45 Very faint and short. 2630-2 
233-61 Very faint, continuous, fine .... 2629 1 
234-69 Very faint and short. 2624-8 
236-35 Weak, very short. 2618-0 
237-39 Faint, fine, continuous, sharp 2614-0 
238-13 Very faint and short. 26110 
240-79 Very faint and short. 2600-8 
241-30 Very faint and short. 2598-8 
242-19 Very faint and short. 2595-3 
243-08 Very faint and short. 25920 
24416 Very faint and short. 2587-8 
244-86 Very faint and short. 2585-0 
248-24 Vert strong, continuous, broad, with 

a nimbus and greatly extended . 2572-2 
250-70 Very faint and short. 2563-2 
252-30 Very faint and short. 2557-4 
252-96 Very faint and short. 25550 
253-72 Weak, very short. 2551-6 
255-08 Very faint and short. 2547-2 
255-73 Faint, fine, continuous. 2544-5 The central portion of the line 
25850 Weak, short. 2499-6 only visible. 
272-02 Weak, short. 2488-2 
277-50 Fairly strong, fine, discontinuous 2469-3 
293-32 Weak, short, fine. 2418-5 
307-11 J f Faint, very short, fine. 2377-3 
307-75 1 [ Faint, very short, fine. 2376-6 
323-80 f Strong, continuous, weak in centre 2329-5 
326-80 Very strong, continuous, with a nim- 

bus, weak in centre. 2321-6 
329-85 <1 Very strong, continuous, broad, with 

a strong nimbus, extended . 2313-6 
332-22 Strong, continuous, fine, weak in 

. centre . 2307-0 
339-25 Very strong, continuous, broad. . . 2288-9 
347-20 Weak, discontinuous. 2268-6 
348-15 Very strong, continuous, broad, with a 

nimbus and slightly extended 2265-9 
354-60 Weak, short. 2249-2 

358-35 Fairly strong, discontinuous, fine 2241-4 
364-73 Weak, short. 2227-0 
373-55 Weak, continuous. 2206-2 
377-48 Strong, broad, continuous, nebulous, 

weak in centre. 2196-4 
400-20 Strong, broad, continuous, nebulous . 2146-8 
415-60 Faint, very short, nebulous .... 2111-5 

Five lines of zinc appear in the photographs, which proceed from one electrode 

only, their wave-lengths are 33447, 3302'1, 3282’0, 2557'3, 2501‘5. 
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The Spectrum of Aluminium. 

Scale- 
numbers. 

Description of lines. Wave¬ 
lengths. 

Eemarks. 

15-5 Strong, short. 4511-0 A comparison of the map with the 
15-85 f Strong, short. 4518-3 photograph of this spectrum 
17-66 Strong, very short. 4477-2 will show that most of the 
19-42 Strong, very short. 4445-2 short lines photographed are 

49-85 fVERT STRONG, CONTINUOUS, sharp, ex- due to iron or other impurities. 
tended. 3960-9 

51-16 Vert strong, continuous, sharp, ex- 
tended. 3943-4 

70-02 J Strong, short . 3713-4 

71-03 |_ Fairly strong, short. 3701-5 

79-17 CA TRIPLET, VERT STRONG . 3612-4 

80-50 The lines are short and extended, the 3601T 

82-07 most refrangible being the strongest 
and most extended. 3584-4 

142-86 f Very strong, continuous, sharp, ex- 
tended. 3091-9 

144-5 Very strong, continuous, sharp, ex- 
tended. 3081-2 

147-10 J Fairly strong, short, fine. 3065-0 
147-40 Fairly strong, short, fine. 3062-8 
148-12 'Fairly strong, short, fine. 3058-5 
148-50 J Strong, short, fine, sharp, slightly ex- 

1 tended.. 3056-4 

148-90 Fairly strong, short, fine. 30536 
149-60 Fairly strong, short, fine. 3049-1 
179-00 Strong, fine, discontinuous, slightly 

extended. 2879-9 

191-76 Vert strong, discontinuous, broad, 
sharp, much extended .... 2815-3 

226-30 J Fairly strong, discontinuous, fine 2659-3 

228-26 ^ Fairly strong, discontinuous, fine 265F2 

233-25 Vert strong, short, broad, with a nim- 
bus, extended. 2630-6 

247-75 J Strong, discontinuous, extended. . 2574-1 

249-66 1 Strong, discontinuous, extended. . . 2566-9 

308-55 ^Strong, discontinuous, nebulous. 2373-3 
309-00 Strong, short, nebulous. 2372-0 
309-60 <1 Weak, short, fine. 2370-2 
309-94 Weak, short, fine. 2367-2 
310-62 ^Strong, discontinuous, nebulous. . 2364-5 

This spectrum was from carbon electrodes, kept moistened with a strong solution of 

pure aluminium chloride. 

The photographs show faintly at one pole the two lines of copper, wave-lengths 

3273"2 and 3246'9. A number of iron lines also appear ; their wave-lengths have not 

been determined. 
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The Spectrum of Indium. 

Scale- 
numbers. 

Description of lines. 
Wave¬ 
lengths. 

Remarks. 

7'60 f Strong, short, fine. 4681-5 
8-83 < Strong, short, fine. 4655-2 
9-58 [ Strong, short, fine. 4637-0 

15-88 f Very strong, continuous, fine, extended 4510-2 

30-10 < Strong, and very short. 4253-1 
39-91 [Very strong, similar to line 4510'2 4101-3 
41-84 TVery strong, very short. 4071-6 
42-53 J Weak, very short. 4063-5 
44-61 | Very strong, very short. 4032-7 
45-20 [Fairly strong, very short. 4025-6 
58-10 Very strong, short. 3852-8 

Fairly strong, short. 3840-5 
59-53 Very strong, short. 3834-7 
62-92 Faint, short, nebulous. 3794-8 

] 06-56 Faint, short. 3359 5 
119 31 OVery strong, continuous, fine, sharp, 

J extended . 3257-8 
119-68 | Stronger, continuous, broader, more 

extended, with a nimbus 3255-5 
120-74 Weak, continuous, fine. 3246-1 
122-15 Weak, short, fine, sharp. 3236-2 
129-02 Weak, discontinuous, fine. 3186-2 
130-72 Faint, very fine in centre, thins away 

at each end. 3174-1 Appears to be a tin line. 
132-81 f Weak, short nebulous. 3159-7 
134-26 [ Weak, short nebulous. 3148-6 
149-97 Weak, discontinuous, fine. 3047-0 Appears to be a tin line. 
151-35 Very strong, continuous, broad, ex- 

tended. 3038-7 
156-38 TVery strong, short, broad, with a 

J nimbus. 3008-0 
160-70 ] Very strong, short, broad, with a 

nimbus. 2982-3 
165-115 Faint, continuous, very fine .... 29561 The central portion of this line only 
168-00 Very strong, continuous, broad, ex- is visible. 

tended, fine in the centre . 2940-8 
169-56 Strong, continuous, fine, extended . . 2932-3 
177-34 Very strong, discontinuous, sharp, ex- 

tended. 2889-8 
183-50 Faint, continuous, very fine .... 2857-1 
187-00 Very faint and fine, continuous . 2839-2 
187-70 Weak, fine, continuous. 2836-0 
188-38 Very faint and fine, continuous . 2832-1 "1 Between these two lines two or 
204-94 f Fairly strong, continuous, fine 2752-8 j three broad nebulous dots occur. 
205-34 [Weak, short, nebulous. 2750-7 They are too faint to measure. 
208-01 Faint, short, fine. 2738-1 
210-56 Faint, short, broad, nebulous 2727 0 
213-70 f Weak, continuous, fine. 2712-9 
214-56 [ Strong, sharp, continuous, extended . 2709-3 In some photographs this line is 
215-32 Very faint and fine, continuous . 2706-4 strongest in its central portion. 
233-27 Weak, short, nebulous. 2631-2 
238-21 Very faint and fine, continuous . 2610-8 
240-74 f Weak, fine, continuous. 2602-5 Strongest in its central portion. 
241-34 [Weak, fine, short. 2600-2 
243-32 f Weak, fine, short. 2591-0 
244-42 [ Weak, fine, short. 2586-6 
250-32 Weak, discontinuous, fine. 2564-7 
251-76 Strong, continuous, fine, extended . 2559-5 
253-30 Weak, short, fine. 2554-1 
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The Spectrum of Indium (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 
lengths. 

Remarks. 

255-78 
260-74 
26245 

270-93 
272-65 

272-90 
274-67 
277- 34 
278- 00 

279- 68 
280- 30 
280-42 

284- 25 
285- 40 

288- 63 
289- 43 
289- 89 
290- 18 
291- 99 

292- 11 
294-16 

298-25 
300-21 
302- 86 

303- 50 
304- 54 

305- 87 
309-44 

314-24 

314-65 
314- 75 
315- 30 
316- 12 
322-96 
332-20 

338- 96 

339- 65 
(343-44) 
348- 82 
349- 06 
354-93 
356-74 

/361-82\ 
V362-32) 
(366-80) 

(370-04) 

372-92 
374-44 
377- 82 
378- 94 
383-42 
394-81 
403-20 
431-61 

Weak, short. 
Strong, very short. 
Weak, fine, continuous. 

Faint, short. 
f Faint, short, very fine. 
[ Faint, short, very fine. 

A very faint nebulous dot. 

f Fairly strong, fine, discontinuous . 
< Weak, very fine, sharp, only visible in 

l_ central portion. 
Faint, very short dot. 

J Fairly strong, continuous. 
Faint, very short dot. 
Faint, very short dot. 
Faint, very short dot. 
Weak, very short dot. 
Weak, very short dot. 

J Very faint and fine, continuous . 
(Weak, discontinuous, fine. 
f Weak, fine, sharp, discontinuous 
[Weak, fine, sharp, discontinuous 

Weak, very short. 
Weak, very short. 
Weak, very short. 

Faint, very fine, continuous .... 
Faint, short. 
Weak, very short. 

W eak, very short. 
Weak, short, very fine, one half 

stronger than the other .... 
Faint, very short. 

f Very faint and fine, continuous . 
I Faint, very short. 

Faint, very short. 

Strong, discontinuous. 
Faint, very fine, continuous .... 
Very strong, sharp, continuous, ex¬ 

tended . . . 
Faint, short. 
Faint, short. 
Weak, fine, sharp, half line .... 
Weak, short, fine, sharp. 
Weak, very short, nebulous .... 

f Weak, short, fine, sharp. 
\ Weak, short, fine, sharp. 

j Faint, short, fine, sharp, half line . . 
\ Faint, short, fine, sharp, half line . 

Weak, short, fine, sharp, one half 
stronger than the other .... 

Weak, short, fine, sharp, one half 
stronger than the other . . . 

Faint, discontinuous, fine. 
Faint, short, nebulous. 

f Weak, fine, short. 
(Weak, fine, short. 

Weak, short, fine, sharp. 
Faint, very short, nebulous .... 
Faint, short, fine. 

Faint, discontinuous, broad, nebulous . 

2545-8 
2527-1 
2520-9 
2492-7 
2485-5 
2485-1 
2478-3 
2470-2 

2468-4 
2462-5 
2460-8 
2460-3 
2447-4 
2443-7 
2433-6 
2431-0 
2429-0 
2428-6 
2423-2 

2422-8 
2416-3 
2403-5 
2397-6 
2389-8 
2388-0 
2385-9 
23810 

2370-7 
2357-0 
2355-8 
2355-4 
2353-8 
2351-3 
2332-2 

2306-9 
2289-3 
2287-8 

(2278-0) 
2264-4 
2263-8 
2249-2 
2245-7 

J 2232-2 \ 
[2231-0 J 

f2220-2] 

1 2212-4 J 
2205-5 
2202 0 
2194-0 
2191-2 
2181-0 
2155-8 
2137-8 
2078-1 

Strongest in the central portion. 

Appears to be nearly coincident with 
previous line. 

The central portion only of this 
line is visible. 

The central portion only of this 
line is visible. 

The central portion only of this 

line is visible. 

This is probably an impurity. 

These are probably due to im¬ 
purities. 

These are probably due to an 
impurity. 
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The Spectrum of Thallium. 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

5-09 Paint, short. 47400 Yery great extension is character- 

29T8 Weak, very short. 4270-5 istic of some of the strongest 
lines in this spectrum. 

36-43 Weak, very short. 4152-7 Coincident with an air line. 

39-36 Strong, very short. 4109-4 

42-92 Weak, discontinuous, fine, sharp 4057-2 Coincident with an air line. 

46-38 Weak, very short. 4009-2 
51-90 Strong, very short. 3932-7 

63-37 Weak, very short. 3790-0 
64-55 Very strong, continuous, sharp, very 

much extended. 3775-6 

72-80 Weak, very short. 3682-2 
73-50 Weak, very short. 3674-6 
74-95 f Faint, very short. 3658-9 
75-50 t Faint, very short. 3652-9 
87-75 Yery strong, fine, continuous, extended 3528-8 

88-70 CVery strong, broad, continuous, sharp, 
very much extended, with a nim- - 

^ bus on more refrangible side . 3518-6 

89-44 1 Weak, very short. 3512-7 

89-90 fWeak, very short. 3507-8 
95-55 Strong, short. 3455-8 

104-03 Strong, short, fine. 3381-3 

105-44 Yery faint and short. 3369-1 
108-06 Weak, very short. 3347-4 
113-95 Faint, very short. 3299-6 
114-72 Faint, very short. 3293-6 
115-34 Yery faint and short. 3288-6 
117-45 Faint, very short. 3271-6 
120-74 Faint, fine, sharp, discontinuous . . 3246-6 
123-22 Strong, continuous, fine, sharp, ex- 

tended . 3229-0 

125-06 Weak, short. 3214-2 
127-59 / Faint, short. 3195-6 
128-87 [ Faint, short, broad, nebulous .... 3186-6 
132-43 Strong, short. 3162-6 

134-68 Faint, short.. 3146-7 
138-72 Faint, short. 3119-4 
139-90 Faint, short. 3111-4 
140-73 Faint, short. 3105-7 
143-02 Yery strong, continuous, sharp, weak 

in the centre. 3091-0 

171-50 f Strong, continuous, fine, sharp . . . 2920-8 

172-21 < Yery strong, continuous, broad, ex- 
tended. 2917-7 

176-49 Very faint, fine, continuous .... 2893-9 
185-06 Faint, short, nebulous. 2848-6 
187-43 Faint, short. 2836-7 
189-73 Weak, continuous, sharp, fine 2825-4 

192-32 Faint, short, nebulous. 2812-5 
201-87 Yery strong, broad, with faint nimbus, 

much extended. 2767-1 

214-63 f Faint, continuous, fine. 2709-4 
214-89 [ Strong, continuous, fine. 2708-6 

217-72 Faint, short. 2700-1 

224-075 Faint, short.. 2669-1 
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The Spectrum of Thallium (continued). 

Scale- 
numbers. 

Description of lines. Wave¬ 
lengths. Remarks. 

224-98 Weak, continuous, fine, sharp 2665"0 
237-82 Weak, continuous, nebulous .... 2608-7 
246-30 Strong, continuous, fine, sharp . . . 2579-7 
253-80 Faint, long, fine. 2551-6 
259-86 Strong, long, with faint nimbus . . 2530-0 
274-93 Weak, fine, continuous. 2477-7 

277-63 Fairly strong, short. 2468-9 
282-85 Strong, short . 2451-9 

301-30 Fairly strong, short. 2394-8 
306-18 Strong, continuous, with faint nimbus 2380-0 

311-27 Fairly strong, short. 2364-8 
319-32 Faint, short, nebulous. 2343-1 

328-61 Weak, discontinuous, fine, sharp 2257 0 
335-27 Strong, long, fine, with faint nimbus . 2299-3 

351-77 Faint, short. 2257-0 
357-10 Faint, short. 2243-7 
359-05 Faint, continuous. 2239 0 
368-36 Faint, short. 22170 
371-08 Faint, short. 2210-0 Coincident with a tin line. 

373-80 Weak, short. 22035 
402-75 Faint, short. 2139-0 

The Spectrum of Copper. 

Scale- 
numbers. Description of lines. 

Wave¬ 
lengths. Remarks. 

Weak, short. 4274-2 No scale number was recorded for 
80-63 Weak, short. 3598-9 this line. 
80-85 Weak, short. 3596-6 
88-21 Faint, short. 3523 6 
89-51 Faint, short. 3510-4 
92-55 Faint, short. 3483-2 
93-02 Faint, short. 3478-8 
93-81 Faint, short. 3471 6 
95-56 Faint, short. 3455-8 
96-17 Faint, short. 3450-1 

(104-01) Very faint, short, half line .... (3381-0) Probably a silver line with wave- 
113-10 Fairly strong, short. 3306-8 length 3382T. 
115-10 Fairly strong, short. 3289-9 
116-10 Weak, about one half scarcely visible . 3282-1 

(116-41) Faint, one half only visible .... (3280-1) Probably the silver line with wave- 
117-25 Vert strong, sharp, continuous, much length 3280'1. 

extended. 3273-2 
118-38 f Weak, short. 3265’2 Coincident with an air line. 
119-05 (Faint, short. 3260-2 Coincident with an air line. 
120-705 A little stronger, more extended than 

line 3273"2 ; in other respects 
similar. 3246-9 

(121-10) Faint, short, half line. (3243-9) Probably an impurity. 
(122-35) Faint, short, half line. (3233-4) Probably an impurity. 

MDCCCLXXXIY. P 
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The Spectrum of Copper (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

135-63 Faint, short. 3139-7 There are five faint half lines 
136-40 Faint, short. 3134-2 slightly less refrangible than 

this, too faint to be measured. 

"I 138-08 Weak, short. 31237 
139- 28 
140- 48 

Faint, short. 

Weak, short. 

3115-7 
3107-4 > Approximations. 

141-92 Faint, short. 3097-8 J 
151-35 Faint, short. 3035-6 
153-90 Faint, shox-t. 3023-4 
164-53 Weak, discontinuous. 2959-6 
178-55 Faint, short. 2882-4 

179-56 Weak, short. 2877-4 

187-55 Weak, short. 2836-5 
190-13 Weak, short. 2823-2 
201-36 Strong, short, sharp. 2769T 
201-81 Weak, short. 2766-2 
206-35 Weak, short. 2745-9 
211-80 0 A triplet of short fine lines, the least f 2721-2 
212-55 > refrangible weak, the other two < 2718-4 

213-71 J STRONG 2713-1 
216-10 f Strong, short, fine line. 2702-7 
216-58 \ Strong, short, fine line. 2700-5 
219-37 Strong, short, fine line. 2688-8 
224-70 Weak, short. 2666-0 
230-31 Very faint and short. 2643-5 
236-45 Weak, fine, discontinuous, fine . 2617-8 
238-87 Faint, short, fine. 2608-9 
241-10 f Strong, short, fine line. 2599-7 
241-58 \ Strong, short, fine line. 2598-3 
243-66 Weak, short, fine. 2590-1 
248-00 f Very faint, short, nebulous . 25730 There are two or three very faint 
248-28 \ Very faint, short, nebulous .... 25720 lines similar in character to 
248-61 Faint, short. 2570-9 this line, less refrangible, too 
250-11 Faint, short, nebulous. 2565-3 faint to be measured. 
253-29 f Very faint, short, nebulous . . 2553-7 
253-70 Faint, short, nebulous. 2552-2 
255-94 Vert strong, discontinuous .... 2544-6 
257-65 f Faint, very short, nebulous . . . . 2538-2 1 
258-53 < Faint, very short, nebulous .... 2533-9 > Approximations. 
259-25 f Faint, very short, nebulous .... 2531-4 
260-25 1 A pair of strong short lines, the more f 2528-8 
261-00 / refrangible line slightly weaker \ 2526-2 
261-95 Very faint and short, nebulous . 2522-7 1 
262-21 Very faint and short, nebulous . 25221 

> Approximations. 
263-22 f Very faint and short, nebulous . 2518-3 
263-79 \ Very faint and short, nebulous . 2517-5 J 
264-79 f Very faint and short, nebulous . . . 2513-2 
265- 33 
266- 20 

\ Very faint and short, nebulous . 
Weak, very short. 

2512-2 

2508-7 
| Approximations. 

266-77 Strong, short, sharp. 2506-2 
269-29 f Very faint and short, fine. 2497-4 
269-71 \ Very faint and short, fine. 2495-9 
270-91 f Weak, very fine, sharp, long line . 2491-4 
271-65 < Strong, sharp, short, fine line 2489-1 
272-72 L Short, strong line. 2485-6 
273-74 Weak, very fine, and short .... 2481-8 
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The Spectrum of Copper (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

274- 89 
275- 87 
276- 45 
277- 88 

278- 57 
279- 81 
280- 85 

282-63 
284- 45 

285- 31 
286- 15 
286- 63 

287- 93 
289- 63 
290- 35 
291- 51 
292- 33 
295-51 

297- 68 
298- 31 
299- 40 

301- 90 
302- 21 
304-39 
307-35 
309-17 
309- 57 
310- 13 
314-07 
314-59 

316- 83 
317- 79 

321-25 
333- 46 
334- 7 

335- 88 
336- 80 

336-98 

338- 02 
339- 66 
342- 87 
343- 67 

347- 92 
348- 55 

348-78 
352-05 
354- 41 

355- 27 
355-50 
357-10 
357-32 

Faint, very fine and short. 
Very faint, short. 

f Fairly strong short line. 

\ Weak short line. 
Very short, nebulous. 
Very short, nebulous. 
Very short, nebulous. 
Very short, nebulous. 
Very short, nebulous. 
Weak, very short. 
Weak, very fine, discontinuous . 
Very faint and short. 
Very faint and short. 
Very faint and short. 

Very faint and short. 
Weak, short, fine. 
Very faint, short. 
Weak, very short, fine. 
Weak, very short, fine. 
Strong, short, fine line. 
Strong, short, fine line. 
Very faint, fine. 
Very faint and fine, very short . . . 

Very faint, short, fine. 
Weak, short, sharp, fine. 

f Faint, fine, short. 
<( Very strong, long, broad. 

Faint, fine, short line. 
f Fairly strong, short. 

\ Faint, short. 
f Faint, fine, short. 
\ Faint, fine, short. 

Weak, short. 
f Very faint, short, and very fine . 

< Very faint, short. 
l_ Very faint, short. 
f Strong, sharp, fine, discontinuous, ex- 
J tended. 
| Weak, sharp, fine, discontinuous, less 

extended . 
Weak, short, fine. 
Weak, short, fine. 
Faint, short, fine. 
Strong, fine, discontinuous, extended, 

somewhat nebulous on more refran¬ 

gible side. 
Faint, short line. 

/Weak, fine, short, nebulous .... 
[ Weak, fine, short, nebulous .... 

Faint, short. 
Faint, short. 

f A pair of double lines, each consist-''} 
ing of a rather long, very j 
STRONG, sharp, fine, and extended 
line, and a weak, discontinuous, 

^ nebulous line J 

2478-2 
24751 
2473-2 
2468-4 
2465-2 
2461-5 
2458-2 
2452-5 
2446-7 
2444-1 
2441-6 
2439-8 
2435-7 
24303 
2428-2 
2425-1 
2422-0 
2412-2 
2404-8 
2403-3 

2400-1 
2393-0 
2392-2 
2385-2 

2376-7 
2371-6 

2370-1 
2368-7 
2357-2 
2355-0 
2348-8 
2346-2 

2336-6 
2303-8 
2300-5 
229T5 

2295-0 

2294-6 
2291-4 
2286-7 
2279-6 

2277-0 
2265-8 
2263-9 
2263-2 
2257-7 

2250-0 

2248-2 
2247-7 

2244-0 
2243-5 

An approximation. 
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The Spectrum of Copper (continued). 

Scale- 
numbers. Description of lines. j lengths Remarks. 

361-52 

361- 82 

362- 23 
362"76 
363- 12 
363- 52 

364- 00 
364-37 

367 20 
367- 50 
368- 34 
368- 62 

369- 34 
370- 47 

370-74 
374- 56 
375- 06 
375- 28 
376- 68 

378-67 
378- 96 
379- 61 
380- 12 

383- 37 
384- 30 

384-68 
386-29 

398-07 
404-18 
404-93 
409-08 
409- 29 
410- 63 
410-92 

413-45 
416-07 
419-61 

'I A group of six fine sharp lines, the 
third and fourth, fairly strong, 
rather long and extended, are 

the strongest and longest of<( 
the group. A faint nimbus 
about the central portion of the 

J group _ l 
f Very faint, short, and very fine line 
\ Very faint, short, and very fine line 

J Strong, fine, sharp, discontinuous . . 
[Weak, nebulous, discontinuous . 
f Weak, short, nebulous. 
[_ Faint, short, fine. 

Faint, short, fine. 

f Strong, fine, sharp, discontinuous . 
[ Weak, nebulous, discontinuous . 
f Faint, very short. 

< Weak, short, fine. 
f Very faint, short, nebulous .... 

Weak, short. 
1 A pair of double lines, each consist- f 

1 ing of a strong, short, fine, J 
[ sharp, extended, and a weak, ] 

J short, nebulous line ( 
A very faint, short line. 

f Rather strong, short line. 

\ Weak, nebulous, short line . . . . 
Weak, short, fine. 
Weak, short, fine. 

f Weak, short, fine. 
f Faint, short, nebulous. 

A pair of double lines, each consist- 
> ing of a weak, fine, short, and a< 

faint, nebulous, short line 

Very faint, sbort, fine. 

Very faint, short, fine. 
Very faint, short, fine. 

2233 0 
2232-2 
22312 
2230 0 
2229-1 
2228 1 

2227-0 
2226-0 
2219-3 
2218-5 
2216-5 
2215-8 
2214-1 
2211-3 
2210-8 
2208-8 
2200-3 
21998 
2196-5 
2192-0 
2191-2 
2189-6 
2188-5 
21810 
21790 
21780 
2174-5 
2148-8 
2135-8 
2134-2 
2124-4 
2124-0 
2122-1 
2121-5 
2116-0 
2110-5 
21030 

1 

Possibly a double line. 
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The Spectrum of Silver. 

Scale- 
numbers. 

Description of lines. Wave¬ 
lengths. Remarks. 

86-39 Faint, short. 3541S 
101-42 Faint, short. 3404-2 
103-06 Faint, short. 3398-7 
103-94 Very strong, sharp, continuous, much 

extended . 3382-3 
107-49 Faint, short, nebulous. 3351-8 Coincident with Sn. 3351"8 
112-47 Faint, short. 3311-6 
113T5 Faint, short. 3306-1 
113-85 1 Double, two similar lines, faint and f 3300-6 
114-05 J short \ 3299-0 
114-89 Faint, short, nebulous. 3292-3 
115-35 Faint, short, nebulous. 3288-6 
11645 f Very strong, forming a pair with 

J previous strong line, with which 
; it is similar in character but a 

little stronger. 3280-1 
117-30 Faint, short, nebulous. 3272-8 
118-47 Faint, short, nebulous. 3265-2 
119-03 Faint, short, nebulous. 3260-2 
120-05 Faint, short, nebulous. 3251-8 
12T10 Weak, short. 3243-8 
122-69 f Faint, short, nebulous. 3231-8 
123-13 \ Faint, short, nebulous. 3228-6 
123-95 Faint, rather longer than foregoing, 

nebulous. 3222-3 
124-81 Faint, short, nebulous. 32160 
125-89 Faint, short, nebulous. 3208-1 
127-16 Faint, short, nebulous. 3198-8 
128-30 Faint, short, nebulous. 31906 
129-30 Faint, short, nebulous. 31837 All the foregoing short lines except 
129-96 Faint, short, nebulous. 3179-2 the first really form a group of 

130-70 Faint, short, nebulous. 3174-3 lines remarkably similar in 

136-40 Very faint, short. 3134-9 character, and for the most 
137-25 Very faint, short. 3129-2 part equi - distant from one 
168-50 f A triplet of short lines, the least re-1 2937-4 another. 
169-30 frangible being weak, the other > 2933-5 
170-17 two fairly strong 2928-2 
171-75 Weak, short. 2919T 
175- 025 
176- 075 

| A pair of fairly strong short lines . | 
2901-6 

2895-6 
180-44 Fairly strong, short. 2872-7 
191-82 Fairly strong, short. 2814-5 1 There are 7 or 8 very faint nebulous 
195-03 Fairly strong, short. 2798-9 J dots between these lines too 
201-81 ^Strong, short, sharp, fine, much ex- faint to be measured. 

tended. 2766-4 
204-20 Strong, fine, shorter and less ex- 

tended . 2755-5 
207-06 yFaint, very fine, short. 2742-9 
211-96 Very faint, short, very fine .... 27206 
214-22 Strong, short, broad, much extended . 271U3 
221-20 Fairly strong, short. 2680-5 
226-27 f Strong, short, extended, fine, sharp . 2659-6 
227-08 \ Weak, short, fine. 2656-2 
234-10 
234-77 

| Pair of short fine lines.| 
2627-3 
2625-2 
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The Spectrum of Silver (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

237-57 
239-75 

' Pair of weak, fine, short lines . . | 
2613-7 
2605-4 

241-43 j Very faint, short, fine. 2598-2 
242-38 Faint, short, fine. 2594-7 
246-30 Strong, short, fine. 2579-9 

249-98 'Faint, short, nebulous. 2565'8 
250-70 < Faint, short, nebulous. 2563-2 
251-16 Stronger but shorter, fine. 2561-5 
253-73 Very faint, short, fine. 2552-0 
258-73 Strong, short, extended, very fine, 

sharp . 2534-5 
268-81 J ’ Strong, short, extended, sharp . . . 2506-0 
267-50 1 [ Weak, short, fine. 2503-6 
272-63 J f Faint, short, fine. 2486-4 

272-87 1 [ Weak, short, fine. 2485-4 
274-52 C.Fairly strong, short, fine. 2479-9 
275-41 A little stronger, short fine. 2476-8 
276-41 Stronger, longer, and extended, fine - 

on less, but nebulous on more 
refrangible side. 2473-3 

277-69 Faint, very fine, sharp. 2469-0 
279- 92 
280- 52 

' > A pair of fairly strong, short lines . < 
2462-2 
2459-8 

282-60 Strong, short. 2453-0 
284-38 Vert strong, discontinuous, extended, 

sharp. 2447-4 
284-79 Weak, fine, short. 2445-7 
285-41 

287-46 J 

Fairly strong, short. 

’Vert strong, continuous, broad, ex- 
2443-9 

1 tended, forming a pair with line 2447'4 2437-3 
290-00 J Vert strong, sharp, extended 2429-8 
290-14 Weak, short, fine. 2428-8 
292-18 Faint, short, very fine. 2422-8 
293-08 Strong, short, fine. 2419-9 
294-72 Very faint, short. 2414-5 
295"35 Wert strong, continuous, extended, 

broad, nebulous on more refrangi- 

- 
ble side, sharp on less .... 2413-3 

295-94 Discontinuous, broad, less strong, and 
extended, otherwise similar in 
character . 2411-3 

296-41 Very faint, short. 2409-3 
297-94 Faint, short, fine. 2406’4 
298-85 Faint, short, fine. 2404-5 
301-10 Faint, short, fine. 2395-7 
301-92 Very faint, short, fine. 2393-3 
302-74 Fairly strong, short, fine. 2390-8 
304-07 J ’ Faint, short, fine. 2386-7 
304-20 Faint, short, fine. 2386-2 
305-25 Faint, short, fine. 2383-6 
307-94 Fairly strong, short, broad, nebulous . 2375-5 
311-05 Weak, short, fine. 2365"8 
311-70 Fairly strong, fine. 2364-3 
312-34 Fairly strong, fine. 2362-3 
313-47 Fairly strong, short, fine, slightly ex- 

tended . 2359-2 
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The Spectrum of Silver (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 
lengths. 

Remarks. 

313-88 
318- 93 
319- 42 

320- 47 
322- 81 
323- 35 

325-53 
325- 73 

326- 65 

327- 37 

328- 05 
328-59 

331-27 
336T3 
340-04 

342- 55 

343- 50 
344- 40 
352-96 

354- 95 
355- 90 

362-86 

372-73 
374-44 
381-21 

390-33 
392-33 
399-65 

412-05 

415-38 

Strong, short, extended, fine. . . . 
Very faint, fine, short. 
Very faint, fine, short. 
Very faint, fine, short. 
Very faint and short, fine. 

("Very strong, discontinuous, broad, 
J much extended, sharp on less re¬ 

frangible edge, and nebulous on 
[_ more refrangible side. 
^Double, consisting of a strong broadh 

nebulous, and a VERY strong fine 
line, nebulous on more refrangible 
side, but discontinuous and much 

b extended J 
Weak, short, fine. 

("Very strong, discontinuous, broad, 
< much extended, fine sharp on less, 

and nebulous on more refrangible side 
Faint, short, very fine. 
Very strong, discontinuous, much ex¬ 

tended, broad, sharp on less, and 
nebulous on more refrangible side . 

Weak, fine, short. 
Faint, very short, fine. 
Very faint, short, fine. 
Very strong, broad, short, sharp on 

less, and nebulous on more refran¬ 
gible side . 

Faint, very short, fine. 
Faint, very short, fine. 
Weak, short, very fine. 

f Pair of strong, broad, short lines, 1 
< sharp on less, and nebulous on > 

more refrangible side. J 
Fairly strong, broad, short, sharp on less, 

and nebulous on more refrangible 
side. 

J A pair of very faint and short fine 1 

L lines./ 
Weak, short, fine on less, and nebulous 

on more refrangible side .... 
Faint, short. 
Very faint, and very short. 

Weak, short, fine on less, and nebulous 
on more refrangible side .... 

Very faint, short, nebulous .... 
Very faint, short, nebulous .... 

2358-1 
2343-7 
23421 
2339-2 
23325 

2331-7 

2325-8 
2325-3 

2322-3 

2320-6 

2319-5 

2317-4 

2310-1 

2296-8 
2286-7 

2280-7 
2277-8 
2275-3 
2254-1 

2249-9 
2247-6 

2230-6 
2206-0 
2202-0 

2186-0 
2165-8 
2161-3 

2145-4 
2119-0 
2112-0 

The strong lines of silver described as nebulous on the more refrangible side may 

be double, like those of copper, to which they are perfectly similar in character. 

There is, however, no appearance of their being double with the dispersion we have 

employed. 
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The Spectrum of Carbon. 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

29-47 Very strong, short, slightly extended . 4266-3 

52-93 Strong, very short. 3919-5 

55-85 Weak, discontinuous, extended . . . 3881-9 This line is not given by Messrs. 

56-32 Fairly strong, very short. 3875-7 Liveing and Dewar. Coin- 
cident with an air line. 

56-70 Weak, fine, discontinuous .... 3870-7 

81-57 Weak, short. 3589-9 

82-05 /Weak, fine, discontinuous .... 3584-8 These lines are not given by Messrs. 

82-28 (_ Weak, fine, discontinuous . . . . 3583-3 Liveing and Dewar. 
131-65 / Weak, very short. 3167-7 

131-91 \ Weak, very short. 3166-0 

158-70 Weak, very short, broad, nebulous . 2993-1 
163-23 Weak, very short. 2967-3 

187-43 / Strong, short, extended. 2836-7 

187-65 L Strong, short, extended. 2835-9 

206-20 Fairly strong, very short, nebulous . 2746-6 

230-34 Weak, very short, nebulous .... 2640-0 

264-84 / Strong, short, fine, extended . . . 2511-6 

265-88 \ Strong, short, fine, extended . . . 2508-7 

274-78 Sharp, fine, barely discontinuous, ex- 
tended. 2478-3 This line is ail but continuous. 

335-89 Strong, short, wdth a nimbus 2297-7 It is the longest line in this 
spectrum. 

This spectrum was taken from a piece of very pure Ceylon graphite, which contains 
■> 

only traces of iron ancl of magnesium as determined by an analysis of the ash. No 

iron lines appear in this spectrum, and only four lines of magnesium, namely, those 

with wave-lengths 2801'6, 2796% 2794T, and 2789'6.* There are certain lines in 

Messrs. Liveing and Dewar’s spectra which are absent from ours, viz. : those with 

wave-lengths 2733% 2541% 2528-2, 2523% 2518% 2515-8, 2514-0, and 2506-6. 

* These have since been shown to belong to the spectrum of silicon. See “ Line Spectra of Boi’on 

and Silicon,” Proc. Roy. Soc., vol. xxxv., p. 301; also report presented to the British Association, 

Chemical News, vol. xlviii., p. 1 (W. N. Hartley, Nov. 1, 1883). Of the lines attributed to the arc 

spectrum of carbon by Messrs. Liveing and Dewar that to which they assign a wave-length of 2478'3 is 

the only line belonging to this element. Their measurement is identical with that which we have 

obtained from the longest line in the spark. 
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The Spectrum of Tin. 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

12-20 Strong, very short. 4584-3 The lines 335F8 and 3282'9 are 
15-18 Weak, discontinuous, fine ..... 4524-0 short and very broad, with a 
25-93 Weak, very short. 4324-6 strong nimbus, so that they 
32-50 Weak, very short. 4215-3 have a somewhat nebulous 
42-93 Weak, short, fine. 40570 appearance. In a less degree 
49-75 Fairly strong, very short. 3961-8 this remark also applies to 
50-88 Weak, discontinuous. 3947-0 the lines 2657'9, 2643'2, and 
53-92 Strong, very short. 3906-6 263F5, and to several other 
57-62 Strong, very short. 3859-0 lines in this spectrum de- 
62-40 Strong, continuous, extended, fine . . 3800-3 scribed as very short. 
63-80 / Strong, very short. 3783-4 
64-29 [ Strong, very short. 3779-0 
65-55 Fairly strong, very short. 3763-9 
67-15 Vert strong, very short. 

Strong, very short. 
3745-1 

68-10 3734-4 
68-40 Fairly strong, very short. 3727-0 
70-50 Strong, very short. 3707-6 
72-36 Weak, very short. 3686-7 
74-15 Weak, very short. 3667-6 
75-23 Weak, discontinuous, fine. 3655-5 
78-19 Faint, very short. 3623-9 
78-90 Faint, vei-y short. 3616-9 
79-80 Strong, very short ....... 3609-3 
80-60 Very strong, very short. 3598-3 
83-12 Strong, very short. 3574-0 
85-50 Fairly strong-, very short ..... 3549-7 
86-57 Faint, very short. 35393 
89-13 Faint, very short. 3514-8 
92-08 Faint, very short, fine. 3487-3 
93-83 Weak, very short. 3471-1 

100-35 Strong, short. 3412-7 
102-88 Faint, very short. 3390-4 
107-51 Vert strong, short, extended, broad, 

110-25 
112-21 
116-03 

with a nimbus. 
Vert strong, continuous, fine . . . 
Weak, short. 
Vert strong, short, broad, with a 

nimbus extended. 

3351-8 
3330-0 
3314-6 

3282-9 

Avery characteristic group. These 
lines with those at 3174'3, 
3033T, 3007’9, are the prin¬ 
cipal lines in this spectrum. 

118-83 Vert strong, continuous, extended, fine 3261-6 J 
120-89 Weak, very short. 3245-0 
124-14 Faint, very short. 3219-6 
124-62 Faint, discontinuous. 3218-0 
130-70 Vert strong, continuous, extended, fine 3174-3 
135-50 Weak, discontinuous, fine. 3140-6 
138-24 Weak, very short. 3122-3 
139-50 Faint, very short. 3131-0 
142-31 Faint, very short. 3095-2 
146-12 Strong, very short. 3070-6 
150-06 Weak, discontinuous. 3046-5 
152-18 f Vert strong, continuous, extended, fine 3033 1 
156-29 [Vertstrong, continuous,extended,fine 3007-9 
173-05 Weak, continuous, faint in centre . 2911-9 
176T8 Strong, very short. 2895-0 
177-80 Strong, very short. 2886-9 
179-50 Weak, very short. 2877-4 
180-07 Faint, very short. 2874-7 

MDCCCLXXXIV. Q 
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The Spectrum of Tin (continued). 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

182-47 Very strong, continuous, extended, fine 2862-1 
184-99 Strong, continuous, extended, fine . . 2849-3 
185-45 Strong, very sliort. 2847-6 
187-01 Very strong, continuous, extended, 

sharp . 2838-9 
192-30 f Strong, continuous. 2812-5 
192-40 \ Faint, discontinuous, fine. 2811-5 
197-61 Faint, discontinuous. 2787-3 
198-28 Fairly strong, continuous, weak in 

centre . 2784-0 
199-34 Strong, continuous, extended . . . 2778-8 
202-23 Faint, long, continuous. 2765-0 
204-52 f Faint, sliort. 2754-0 
205-01 \ Faint, sliort. 2751-8 
205-70 f Faint, sliort. 2749-0 
206-24 Faint, short. 2746-0 
207-94 Faint, short. 2738-4 
209-17 Faint, long. 27330 
215-35 Very strong, continuous, extended, 

sharp . 2705-8 
224-95 Strong, very short. 2664-9 
225-98 Strong, continuous, fine. 2660-2 
226-56 Very strong, short, nebulous 2657-9 
229-67 Strong, very short. 2645-4 
230-23 Very strong, short, nebulous 2643-2 
233-17 Very strong, short, nebulous 2631-5 
236-40 Strong, very short. 2617-9 
237-47 Faint, very short. 2613-8 
238-18 Faint, short. 26110 
239-38 Faint, short. 2606-3 
241-31 Faint, short. 2598-5 
242-65 Fairly strong, continuous. 2593'6 
243-10 Fairly strong, short. 2591-7 
248-70 Strong, continuous, extended . . . 2570-5 
250-70 Faint, very short, nebulous .... 2563-2 
252-20 Faint, continuous, fine. 2557-7 
255-45 Strong, continuous, extended . . . 2545-6 
259-59 Faint, discontinuous, fine. 2530-8 
261-57 Weak, discontinuous, fine. 2523-4 
264-35 Faint, very short. 2514-0 
266-61 Faint, very short. 25060 
268- 55 
269- 80 
271-85 
273-40 
281-83 

Faint, very short. 
f Strong, continuous, extended . . . 

<- Strong, short, broad, nebulous . 
[_ Strong, continuous, extended . . . 
TWeak, discontinuous. 

2499-3 
2495-0 
2488-0 
2482-9 
2455-5 

^ This is a characteristic group, 
1 which is repeated, but with a 
[ lesser intensity, in the three 

K lines immediately following. 

283-37 < Fairly strong, short, nebulous .... 2449-4 \ 
284-82 Weak, continuous. 2445-2 l 
287-55 Strong, very short. 2436-4 
288-65 Faint, short. 24333 
289-95 / Very strong, continuous, extended 2429-3 
292-37 \ Very strong, continuous, extended 2421-8 
296-80 Weak, discontinuous, fine. 2408-0 
300-82 Faint, short. 2395-8 
301-54 Faint, short. 2393-7 
305'40 Faint, short. 2382 3 
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The Spectrum of Tin (continued). 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

305-84 Weak, discontinuous. 2381-1 
310-11 Strong, discontinuous. 2368-3 
314-85 Vert strong, continuous, extended 2355-0 
321-94 Strong, discontinuous. 2335-3 
328-34 Strong, continuous, nebulous .... 2317-9 
339-65 Fairly strong, discontinuous .... 2288-1 
346-58 f Strong, discontinuous, nebulous . . . 2270-0 
347-25 < Faint, short. 2268-6 
347-63 (Weak, short. 2267-1 
355-83 Strong, discontinuous. 2247-0 
361-43 Faint, discontinuous, fine. 2233-2 
362-92 Strong, very short. 2229-6 
366-29 Strong, very short. 2221-5 
368-88 Weak, very short. 2215-2 
371-01 Fairly strong, discontinuous .... 2210-1 
375-50 Weak, short. 2199-2 
377-48 Weak, short. 2195-0 
396-95 Weak, short. 2151-2 
411-70 Faint, short. 2119-2 
414-65 Faint, discontinuous. 2113-6 
430-84 Faint, short. 2079-3 
437-64 Faint, short. 2066-1 

The Spectrum of Lead. 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

21-76 Faint, short. 4399-4 The very short lines in this spectrum, 
22-50 Very strong, short, sharp, extended . 4386-4 which are also strong, are 
29-12 Weak, very short. 4271-4 surrounded by a nimbus which 
30-71 Very strong, discontinuous, broad, gives them a somewhat nebu- 

sharp, extended. 4245-3 lous appearance. There are 
34-68 Faint, short. 4180-9 several nebulous lines, as for 
42-63 f Weak, discontinuous, fine. 4061-5 instance those with wave- 
42-93 \ Strong, continuous, extended, sharp . 4057-5 lengths 3591-9, 3555'9, 3278-5, 
45-58 Faint, discontinuous, very fine . 4020-5 3016-5, 2949-2, 2650, and a 
49-72 Faint, very short. 3961-5 broad nebula extending from 
50-47 Weak, very short. 3951-7 2540 to 2523-4. 
51-84 f Faint, very short. 3934-0 
52-29 \ Faint, very short. 3927-5 
53-60 Weak, short. 3910-4 
58-13 ( Strong, very short. 3853-2 
58-97 J Strong, very short. 3842-9 
59-77 ] Strong, very short. 3832-5 
60-18 (Weak, very short. 3827-5 
63-61 Strong,short . 3785-9 
67-61 Strong, continuous, fine, extended . . 3738-9 
68-15 Faint, very short. 3734-3 
69-67 Weak, short, broad, nebulous 37170 
70-38 Faint, short, nebulous. 37090 
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The Spectrum of Lead (continued). 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

72-13 Weak, very short. 3688-8 
72-69 Strong, continuous, fine, extended . . 3682-9 
73' 75 Strong, CONTINUOUS, fine, with a nim- 

bus at ends. 3671-0 
75-23 Strong, very short. 3656-1 
76‘80 Strong, continuous, extended, fine . . 3639-2 
81-35 / Fairly strong, very short. 3591-9 
81-77 | Fairly strong, very short. 3590-5 
83-31 Strong, continuous, extended, fine . . 3572-6 
94-11 f Weak, very short. 3563-9 
94-47 | Weak, very short. 3562-2 
92-41 Weak, very short. 3484-3 
95-66 Weak, short, nebulous. 3455"9 

112-74 Faint, very short. 3308-9 
114-04 Weak, very short. 3296-8 
116-60 f Fairly strong, very short. 3278-5 
116-98 {_ Fairly strong, very short. 3276-9 
121-38 Fairly strona, short. 3242-4 
122-22 Weak, continuous, with a nimbus at 

the ends. 3219-9 
130-46 Vert strong, short, with a nimbus. 3176-0 
136-09 Strong, short, with a nimbus 3137-3 
143'45 J Weak, very short. 3088-5 
143-68 \ Weak, very short. 3086-7 
149-20 Weak, very short. 3051-1 
150-52 Strong, short, with a nimbus 3043-3 
152-56 Weak, very short. 3030-2 
154-78 Weak, discontinuous, nebulous . 3016’5 
161-27 Faint, very short. 2978-8 
166-33 Weak, short, nebulous. 2949-2 
170-45 Strong, continuous, fine, extended . . 2872-2 
181-06 Faint, very short, fine. 2867-8 
182-25 Strong, very short. 

Strong, continuous, fine, extended . . 
2863-2 

188-37 2832-2 
190-30 Strong, continuous, fine, extended . . 2822-1 
194-67 Vert strong, continuous, fine, extended, 

with a nimbus. 2801-4 
212-87 Weak, short. 2716-3 
217"26 Weak, short. 2697-2 
225-41 Strong, continuous, extended, fine . . 

Fairly strong, nebulous, short .... 
2662-5 

228-47 2650-0 
231-54 Faint, very short. 2637-5 
233-91 Faint, short, fine. 2627-4 
237-48 Vert strong, continuous, extended, 

with a nimbus. 2613-4 
247-08 Strong, continuous, fine. 2576-4 
249-44 Weak, very short. 2567-2 
251-01 Strong, very short, with a nimbus . 2561-6 

259-11 
JWeak, short, broad, and nebulous! 
\ band J 

2539 9 
2523-4 

These measurements are taken on 
each side of the band. This 

269-85 Faint, short, nebulous. 2496-0 band is a remarkable pecu- 

275-39 Strong, continuous. 2475-7 liarity of the lead spectrum. 

279-41 Faint, very short, nebulous .... 2462-8 
284-61 f Weak, discontinuous. 2445-7 
285-29 < Weak, continuous, fine, faint in the 

centre . 2443-6 
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The Spectrum of Lead (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

288-61 f Faint, short. 2432-3 

289-89 1 Faint, short. 2427-8 
295-49 Faint, discontinuous, fine. 2411-2 

298-73 Weak, discontinuous, fine. 2402-1 

30T43 Strong, continuous. 2393-7 

302-53 Faint, fine, short. 2390-8 
303-15 Faint, fine, short. 2389 0 
322-60 Faint, fine, discontinuous. 2333-3 
335-82 Faint, short. 2297-7 
355-32 Strong, continuous. 2247-9 
359-40 Faint, continuous. 2238-2 
373-43 Strong, continuous, somewhat nebulous, 

with a nimbus. 2204-3 
388-35 Weak, discontinuous. 2170-0 

The Spectrum of Tellurium. 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Remarks. 

6-48 f Faint, short. 4707-5 There is a nimbus throughout the 
7-12 (_ Faint, short. 4593-0 whole extent of this spectrum 

11-31 Weak, short. 4602-0 where the points of the elec- 
17-10 f Weak, short. 4487-0 trodes have made an impression 
17-51 [ Weak, short. 4480-0 upon the plate, but it may be 
19-88 W eak, short. 4436-0 remarked that the continuous 
21-76 Weak, short. 44000 lines show no distinct nimbus, 
22-94 Weak, fine, short. 4378-0 neither are they, as a rule, 
23-69 Weak, short. 4364-5 nebulous. The large number 
24-33 Weak, short. 43530 of short lines in this spectrum 
25-94 Faint, short. 4324-6 is remarkable. But few of the 
27-32 Fairly strong, short. 4301-5 lines are extended, they are 
27-78 f Faint, short. 4292-7 those with wave-lengths 3382"4, 
28-10 |_ Faint, short. 4287-3 3280-0, 3273-4, 2413-3, 2386’3, 
28-94 Fairly strong, short. 4274-4 2383-8, 2247-3, and 2243'3. 
29-72 Fairly strong, short. 4259-8 
32-18 Fairly strong, short. 4221-1 
34-70 f Weak, short. 4180-7 
35-36 f Faint, short. 4170-3 
38-70 Faint, short. 4119-7 
41-83 Weak, short. 4072-7 
42-64 Fairly strong, short. 4061-3 
43-10 Fairly strong, short. 4054-2 
43-60 Faint, short. 4048-3 
46"60 Strong, short. 4006-0 
48-20 Fairly strong, short. 3983-8 
49-30 Fairly strong, short. 3968-6 
50-80 Fairly strong, shoi’t. 3948-0 
51-96 Weak, short. 3932-5 
53-76 Weak, short, nebulous. 3908-7 
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The Spectrum of Tellurium (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

59-04 Strong, short. 3841-3 
62-04 Faint, short. 3803-0 
62-75 Weak, short. 3796-9 
63-40 Faint, short. 3789-0 
64-54 Faint, short. 3776-0 
64-96 Faint, short, fine. 3771-0 
65-48 Faint, short, fine. 3765-0 
65-96 Faint, short, fine. 37590 
66-42 Faint, short, fine. 3754-0 
68-00 Strong, short . 3735-5 
68-89 Strong, short . 3726-2 
69-74 Faint, short. 3716-0 
71-30 Faint, short. 3698-7 
72-70 Faint, short. 3683-3 
73-30 Faint, short. 3676-7 
73 98 Faint, short. 3670-4 
75-28 Faint, short. 3656-4 
75-84 r Fairly strong, short . . . . -. 3649-2 
76-30 Fairly strong, short. 3644-3 
77-04 Faint, short. 3636-3 
77-98 Faint, short. 36267 
78-88 - Fairly strong, short. 3617-0 
79-45 Faint, short. 3611-0 
80-37 Faint, fine, short. 3601-7 
80-66 Faint, fine, short. 3599-6 
81-35 Faint, short. 3594-5 
82-19 Faint, short. 3589-4 
85-32 Strong, short. 3551-6 
86-32 Very faint, short. 3541-8 
87-22 Very faint, short. 3533-1 
88-55 Strong, short. 3520-3 
89-57 Weak, short. 3510-8 
91-18 Strong, short . 3496-3 
92-48 Weak, short. 3483-7 
92-81 Faint, short. 3480-8 
93-50 Weak, short. 3474-4 
9446 Faint, short. 3465-5 
95-52 Strong, short . 3456-0 
96-14 Weak, short. 3450-4 
97-07 Strong, short. 3441-2 
99-26 Faint, short. 3422-2 

100-04 Faint, short. 3415-3 
100-95 Strong, short. 3407-5 
103-90 Very strong, continuous, extended, 

sharp . 3382-4 The principal lines in this spectrum 
104-83 Faint, short. 3374-1 are 3382’4, 3307-1, 3280’0, 
106-27 Strong, short. 3362-4 3273'4, and 3246'8; there are 
107-50 Fairly strong, short. 3352-1 also two others, 2386*3 and 
110-35 Fairly strong, short. 3329-0 2383-8. 
111-09 Faint, short 3322-7 
111-95 Faint, short . . 3315-8 
113-05 Strong, continuous . . . 3307-1 
115-16 Weak, continuous .... 3289-6 
116-43 'Very strong, continuous, extended, 

J sharp. 3280-0 
117-35 Very strong, continuous, extended, 

| sharp . 3273-4 
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The Spectrum of Tellurium (continued). 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

118-09 f Weak, short. 3267-4 
118-35 Weak, short. 3264-6 
119-55 Strong, short. 3256-3 
120-10 Faint, short. 3250-8 
120-77 Vert strong, continuous, extended, 

sharp . 3246-8 
121-33 Faint, fine, short. 3242-1 
122-36 J Faint, short. 3234-2 
123-02 1 Weak, short. 3229-4 
124-03 Faint, short. 3221-8 
124-61 Faint, short. 3217 6 
125-19 Faint, short. 3213-3 
125-63 Weak, short. 3210-4 
128-09 Faint, fine, continuous. 3192-2 
128-69 Faint, short. 3188-1 
129-33 Weak, short. 3183-7 
130-75 Weak, fine, continuous. 3174-4 
131-50 Faint, short. 3168-5 
132-95 Weak, short. 3158-4 
133-60 Faint, short. 3154-1 
134-81 Faint, short. 3145-7 
136-90 Weak, short. 3131-7 
137-89 Weak, short. 3124-7 
138-70 Faint, nebulous, short. 3119-5 
140-46 Fairly strong, discontinuous .... 3107-5 
141-80 Faint, fine, short. 3098-7 
142-28 Faint, short. 3095-5 
143-43 Faint, short. 3088-0 
145-85 Fairly strong, short. 3072-7 
147-50 Weak, short. 3063-2 
149-03 Weak, short. 3052-8 
150-00 Strong, continuous, nebulous, weak in 

the centre . 3046-0 
153-86 Weak, short. 3022-1 
154-78 Strong, short. 3016-6 
155-68 Faint, short. 3012-1 
156-91 Faint, short 3004-1 
158-18 Faint, short. 2996-4 
159-49 Faint, short. 2988-8 
161-70 J f Faint, short. 2976-2 
161-78 4 Faint, short. 2975-5 
162-26 Weak, short. 2973-1 
163-36 Strong, short. 2966T 
164-40 Weak, fine, continuous. 2960-3 
165-14 Faint, short .... .... 2956-3 
166-14 Faint, short. 2950-6 
166"46 Faint, short. 2948-8 
167-10 Faint, short. 2945-3 
167-82 Strong, short. 2940-8 
168-44 Faint, short. 2937-7 
169-08 Faint, short. 2932-5 
170-00 Weak, short. 2928-1 
171-00 Faint, short. 2923-4 
171-75 Weak, short. 2918-9 
174-27 Weak, short. 2905-9 
174-96 Faint, short. 2901-9 
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The Spectrum of Tellurium (continued). 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Eemarks. 

176-24 f Strong, discontinuous, nebulous . . . 2894-3 
176-44 [ Fairly strong, short, nebulous .... 2893-3 
179-54 f Yery faint and fine, short. 2877-4 
180-28 / Very faint and fine, short. 2873-6 
181-25 f Strong, discontinuous, nebulous . 2867-7 
182-78 < Fairly strong, fine, discontinuous 2859-9 
183-40 [ Strong, discontinuous, nebulous . 2857-0 
185-62 J Fairly strong, short, fine. 2844-9 
186-72 / Fairly strong, short, fine. 2840-0 
187-42 / Yery faint and fine, short. 2836-9 
187-90 / Yery faint and fine, short. 2834-4 
190-02 Fairly strong, continuous, fine, short . 2823-2 
191-74 J V ery faint and fine, short. 2815-3 
192-18 / Yery faint and fine, short. 2813-0 
194-96 f Faint, very fine, short. 2799-1 
195-52 < Faint, very fine, short. 2795-5 
196-40 L Strong, discontinuous, nebulous 2791-9 
201-32 f Fairly strong, continuous, fine, sharp . 2768"6 
201-85 < Fairly strong, short, fine, sharp . 2766"5 
202-00 L Faint, very fine, continuous, sharp . 2766-0 
204-12 Weak, fine, sharp, short. 2756 0 
205-08 Yery faint, short-, nebulous .... 2751'5 
206-45 J Faint, short, fine. 2745-0 
206-90 / Faint, short, fine. 2743-0 
207-70 J Faint, short. 2739-5 
208-06 / Faint, short. 2738-0 
211-36 f Weak, short, nebulous.* 2723-2 
211-94 < Weak, short, fine. 2720-7 
212-54 / Weak, short, fine. 2718-0 
213-67 / Weak, fine, short. 2713-0 
214-23 / Strong, short, nebulous. 2710-2 
216-10 /Weak, fine, short. 2702-3 
216-58 / Weak, fine, short. 2700-3 
217-36 J Fairly strong, short, nebulous 2696-6 
217-98 / Fairly strong, short, nebulous 2694-1 
218-83 / Weak, fine, short. 2690-2 
219-40 / Weak, fine, short. 2688-2 
220-50 j Weak, short, nebulous. 2683-2 
221-35 ( Weak, short, nebulous. 2679-8 
222-55 Weak, continuous, fine, sharp 2674-6 
224-68 Faint, short, fine. 2666-0 
226T3 

226-85 

Weak, short, fine, with a nimbus on 
the less refrangible side .... 

Faint, short, nebulous. 
2659-4 
2657-1 

228-75 /Weak, short, nebulous, fiue .... 2648'7 
229-15 /Weak, short, nebulous, fine .... 2647-0 
230-37 Yery faint, short, nebulous .... 2642-3 
231-67 Weak, very short. 26370 
232-20 / Fairly ■ strong, short, nebulous .... 2634-7 
233-30 / Weak, short, nebulous. 2630-5 
233-94 f Faint, short, fine. 2627-8 
234-83 < Faint, short, fine. 2624-3 
235-54 /Faint, short, fine. 2621-4 
236-56 Weak, fine, continuous, sharp 2617-4 
237-46 / Faint, fine, short. 2613-7 
238-07 /Faint, fine, short. 2611-3 
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The Spectrum of Tellurium (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

239-86 ("Weak, short, nebulous. 2604-4 
241-13 Weak, short, fine. 2599-4 

241-48 [Weak, short, fine. 2598-1 
242-56 Very faint, short. 2594-0 
243-56 /Weak, short, nebulous. 2590-1 

244-88 /Weak, short, nebulous. 2585 0 
246-16 /Weak, short, nebulous. 2580-1 
246-69 J Weak, short, nebulous. 2578-0 
247-58 ] Faint, fine, short. 2574-8 
248-24 [Faint, short, nebulous. 2572-4 

249-44 Very faint, short, nebulous .... 2567-8 
250-44 Very faint, short, nebulous .... 2564-1 
251-93 Very faint, short, nebulous .... 2558-7 
254-40 Weak, short, nebulous. 2549-7 
255-96 Fairly strong, fine short. 2543-7 
257-90 Weak, short, broad, nebulous . . . 2536-8 

258-71 Weak, fine, sharp, short. 2533-8 

260-00 f Strong, continuous, fine, sharp . . . 2529-4 

260-28 \ Weak, short, fine, nebulous .... 2528-3 
261-03 Weak, short, fine, nebulous .... 2525-6 
266-84 Fairly strong, short, fine, sharp . 2505-2 

267-56 Very faint and short, fine, sharp . 2502-7 
268-74 Fairly strong, short, nebulous . . . 2498-6 

270-83 /"Weak, continuous, fine. 2491-3 The next line, which is nebulous, 

270-90 j Weak, short nebulous. 2490-8 appears to overlap this, which 
271-60 | Weak, short, fine, sharp. 2488-7 is a fine line. 
272-60 l^Weak, short, nebulous. 2485-3 
273-92 f Faint, short, fine. 2480-9 
274-30 \ Faint, short, fine, nebulous .... 2479-6 
275-16 Faint, short, nebulous. 2476-7 
276-26 Fairly strong, short, sharp. 2473-2 
277-53 Weak, short, nebulous. 2469-0 
279-69 f Faint, short, fine, nebulous .... 24620 
280-25 \ Faint, short, fine, nebulous .... 2460-2 
282-43 Weak, short, nebulous. 2452-8 
284-15 CFairly strong, discontinuous, sharp . . 2447-8 
285-21 | Faint, short, nebulous. 2444-3 
286-05 4 Faint, fine, continuous, sharp 2441-7 
287-30 Strong, continuous, slightly extended 

^ with a faint nimbus. 2438-0 
289-10 /"Weak, fine, slightly continuous, nebu 

lous. 2432-0 
289-86 . Weak, short, nebulous. 2429-7 
290-33 j Weak, fine, continuous, sharp 2428-2 
290-80 j Weak, short, nebulous. 2426-7 
291-36 [_Faint, short, nebulous. 24250 
292-88 f Weak, short, nebulous. 24203 
293-44 \ Faint, short, nebulous. 2418-5 
295-08 / Strong, continuous, slightly extended . 2413-3 
295-66 < Fairly strong, slightly continuous and 

( extended . 2411-4 
298-20 / Fairly strong, broad, nebulous, short . 2403-7 
299-36 \ Fairly strong, fine, short. 2400-0 
301-83 f Faint, short, fine, nebulous .... 2392-8 
302-58 \ Faint, short, fine, nebulous .... 2390-7 

MDCCCLXXXIV. R 
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The Spectrum of Tellurium (continued). 

Scale- 
numbers. 

Description of lines. 

304T0 

304-92 

307-26 
307-84 
309-54 

311- 50 
312- 18 
313- 22 

313- 68 
314- 16 
316-08 
318-64 

320- 06 
321- 32 
323-10 
325-50 

327- 17 
328- 32 

331-08 
333- 52 

334- 48 
335- 89 
336- 84 
338- 01 
339- 24 
342- 34 
343- 74 

340- 40 

348-09 
348-90 

350- 50 
351- 93 
354- 60 

355- 18 
355-36 

357- 18 

358- 34 

362-20 
362- 21 
363- 20 

364- 08 
365- 58 
367- 42 

368- 58 
370- 53 
371- 22 

ex- 

TYeey strong, continuous, extended, 
J with, a nimbus. 
] Very strong, continuous, extended, 

with a nimbus. 
/ Weak, short, nebulous .... 

\ Weak, short, nebulous .... 
Strong, slightly continuous and 

tended, sharp. 
J Faint, short, fine, nebulous 
\ Faint, short, fine, nebulous 
[ Faint, fine, short, nebulous . . 

< Fairly strong, fine, short . 
( Faint, fine, short, nebulous . . 

Weak, a broad nebulous dot . 
Faint, a rather broad nebulous dot 
Faint, short, nebulous .... 
Weak, short, nebulous .... 

f Strong, short, slightly extended, sharp 
J Strong, short, slightly extended, sharp 

| Strong, short, slightly extended, sharp 
f Strong, short, slightly extended, sharp 

Weak, short, nebulous .... 
Faint, short, nebulous .... 
Faint, short, nebulous .... 
Very faint, short, nebulous . 
Fairly strong, continuous, nebulous 
Very faint, short, nebulous . 
Faint, a broad nebulous dot . . 

f Fairly strong, short, nebulous. . 
(_ Fairly strong, short, nebulous. 
Fairly strong, a rather broad nebulous 
dot.. 

f f Fairly strong, continuous, nebulous 
J \ Faint, short, nebulous .... 
) Fairly strong, continuous, nebulous 
[_ Fairly strong, continuous, nebulous 
Fairly strong, short, fine, nebulous . 
A pair of fairly strong, very fine, con-'1 

tinuous lines, with a fairly broad I 
nimbus on the more refrangible f 
portion of the pair. J {Fairly strong, rather long, nebulous on.'l 

more and sharp on less refrangible > 
side. J 

Faint, very short, broad, nebulous . . 
A triplet of weak slightly continuous, “] 

fine, nebuloxis lines with a nimbus, I 
making them appear one broad ( 
nebulous line J 

Weak, short, nebulous. 
Faint, very short, broad nebulous . 
Fairly strong, continuous, nebulous on 

more refrangible side. 
Weak, continuous, nebulous .... 

f Fairly strong, discontinuous, nebulous 
Fairly strong, continuous, nebulous 

Wave¬ 
lengths. Remarks. 

2386-3 

2383-8 
23770 
2375 3 

2370-3 
2364-7 
2362-8 
2359-8 
2358-6 
2357-0 
2351-7 
2344-3 
2340-3 
2336-8 
2332-0 

2325-5 
2321-0 
2317-8 
23101 
2303-7 
2301-1 
2297-5 
2295-0 
2291-8 
2288-6 
2280-6 
2277-2 

2285-7 
2266-2 
2264-2 
2260-4 
2256-6 
2250-0 

2248-0 
2247-3 

2243-3 

2240-7 

2231-3 
2230-3 
2229 0 

2226-8 
2223-2 

2219-3 
2216-0 
2211-2 
2209-5 
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The Spectrum of Tellurium (continued). 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

374-08 Very faint, very short, nebulous . . 2202-8 
375-16 Weak, continuous, nebulous .... 2200-1 
376-67 Very faint, short, nebulous .... 2196-5 
378-53 C Fairly strong, continuous, broad, nebu- 

lous. 2192-2 
379-60 J Fairly strong, discontinuous, broad, 

nebulous. 2189-7 
380-82 ^Weak, broad, very short, nebulous . 2186-9 
382-95 r Faint, short, nebulous. 2182-0 
384-18 Fairly strong, continuous, broad, nebu- 

Ions. 2179-2 
385-90 Faint, very short, nebulous .... 2175-3 
389-60 j ’ Faint, very short, nebulous .... 2167-2 
390-31 Faint, very short, nebulous .... 2165-7 
393-05 Faint, short, nebulous. 2159-7 
397-64 ("Weak, short, nebulous. 2149-7 
398-54 < Weak, continuous, nebulous .... 2147-8 
399-07 Weak, short, nebulous. 2146-7 
400-83 Weak, continuous, broad, nebulous 2142-7 
403-81 J Weak, short, nebulous. 2136-5 
404-56 Weak, short, nebulous. 2135-0 
409-06 j Weak, short, nebulous. 2125-5 
410-46 

> 
[Weak, short, nebulous . . . 2122-5 

412-04 J ’ Very faint, very short, nebulous . . 2119-0 
413-34 Very faint, very short, nebulous . . 2116-3 
414-75 J Weak, short, nebulous. 2113-3 
416-02 1 Weak, short, nebulous. 2110-5 
417-42 Faint, very short, nebulous .... 2108-4 
419-34 Faint, very short, nebulous .... 2103-6 
420-91 Very faint, very short, broad, nebu- 

lous. 2100-2 
431-43 Weak, short, broad, nebulous 2078-5 
445-45 fWeak, short, broad, nebulous 2050-8 
451-60 Weak, short, broad, nebulous . . . 2039-2 
455-40 Weak, short, broad, nebulous . . . 2032-7 

A certain number of lines of copper are coincident with those in tellurium. They 

are given in the table of coincidences, two of these lines are strong both in copper and 

tellurium. 
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The Spectrum of Arsenic. 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

13-90 Weak, very short, fine. 4550-0 There are several lines in this spec- 
14-48 Weak, very short, fine. 4538-4 trum which are continuous and 
1673 Strong, discontinuous. 4494-3 nebulous. Most of the strong 

f Strong, short. 4474-0 lines have a nimbus. 

< Strong, discontinuous. 4466-3 
Strong, discontinuous. 4458-7 

20-14 Strong, discontinuous. 4431-0 
20-95 Weak, discontinuous. 4415-0 
23-45 Weak, discontinuous. 4368-7 
24-54 Weak, discontinuous. 4349-0 
25-34 Weak, discontinuous. 4335-2 
26-52 Weak, discontinuous. 4315-2 

Weak, discontinuous. 4301-0 An approximation. 
30-79 Weak, discontinuous. 4244-0 
31-66 Weak, discontinuous. 4229-3 
33-02 Weak, discontinuous. 4207-3 
33-68 Fairly strong, discontinuous .... 4197-7 
34-19 Weak, discontinuous. 4188-9 
38-70 Weak, short. 4120-0 
41-15 Fairly strong, discontinuous .... 4081-8 
42-49 Weak, short. 4064-3 
44-50 Strong, short. 4036-0 
46-54 Weak, short. 4007-0 
48-13 Faint, short. 39850 
50-80 Fairly strong, discontinuous .... 3948-5 
52-07 Fairly strong, discontinuous .... 3930-7 
52-88 Strong, discontinuous. 3921-6 
58-99 Strong, discontinuous. 3842-5 
62-50 Faint, discontinuous. 3800-7 
63-62 Fairly strong, discontinuous .... 3784-4 
64-86 Faint, discontinuous. 3772-0 
73-82 Weak, discontinuous. 3671-2 
78-34 Faint, very short. 3622-4 
81-32 Weak, very short. 3591-9 
85-38 1 Weak, discontinuous. 3551-6 
85-88 1 Weak, discontinuous. 3545-8 
89-54 Faint, short. 3510-8 
93-78 Weak, discontinuous. 3471-1 

118-98 Faint, very short. 32601 
119-46 Weak, short. 3256-2 
128-70 Faint, short. 3187-7 
129-60 Faint, short. 3181-7 
137-66 Faint, continuous, fine, very faint in 

centre. 3125-4 
138-86 J Strong, fine, continuous, with a nimbus 3119-2 
139-34 1 Strong, fine, continuous, with a nimbus 3116-1 
140-42 Faint, short, nebulous. 3107-7 
145-56 Fairly strong, continuous, fine . 3075-0 
148-40 ("Strong, continuous, fine, weak in 

centre, with a nimbus .... 3057-3 
149-10 Strong, continuous, fine, weak in 

centre, with a nimbus .... 3052-6 
152-38 Strong, continuous, sharp .... 3032-2 
157-12 Weak, continuous, faint in centre . 3003-2 
159-22 Fairly strong, fine, continuous . . . 2990-2 
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The Spectrum of Arsenic (continued). 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. Remarks. 

160'80 Weak, continuous, nebulous, weak in 1 
centre. 2981-1 

164-82 Vert strong, with a nimbus, discon- 
tinuous. 2958-7 

170-67 Weak, discontinuous. 2925-6 
175-75 Strong, continuous, extended . . . 2898-2 
177-22 J Weak, continuous, faint in centre . 2889-1 
178-40 (_ Weak, continuous. 2884-2 
183-04 Vert strong, extended, continuous 2859-7 »The strong lines here form a 
185-37 Faint, discontinuous. 2843-6 characteristic group. 
187-01 Faint, discontinuous. 2836-9 
188-81 Strong, continuous, nebulous . . . 2829-8 
196-93 Faint, discontinuous. 2788-5 
199-22 ["Vert strong, continuous, extended, 

J with a nimbus. 2779-5 
201-07 | Faint, discontinuous. 2770-4 
206-77 I^Vert strong, continuous, extended 2744-1 
218-85 Faint, discontinuous. 2690-5 
222-01 Faint, discontinuous. 26770 
222-80 Faint, discontinuous. 2673-8 
223-79 Faint, discontinuous. 2669-5 
225-10 Faint, discontinuous. 2663-5 
228-14 Faint, fine, discontinuous . '. 2651-5 
233-33 Faint, fine, discontinuous. 2630-2 
238-14 Faint, fine, discontinuous. 2611-2 
240-68 f Strong, continuous, nebulous .... 2600-8 
241-67 Weak, fine, continuous. 2597-1 

241-96 Faint, continuous. 2593-9 

247-90 / Faint, discontinuous. 2576-0 

248-38 Faint, discontinuous. 2571-6 

250-98 Weak, discontinuous. 2559-5 

260-37 f Strong, continuous. 2527-9 

265-68 \ Strong, continuous. 2526-0 

269-02 Weak, continuous. 2496-9 

270-65 j Strong, continuous, extended . . . 2491-9 

271-28 | Weak, discontinuous. 2489-1 

278-92 C Weak, continuous, nebulous, faint in 
J centre . 2464-1 

279-94 ] Weak, continuous, nebulous, faint in 
centre. 2461-0 

281-58 Strong, continuous, extended, sharp . 2456-2 

287-58 Strong, continuous, extended, sharp . 2436-9 

287-93 Weak, nebulous, discontinuous . . 2435-0 

288-65 Weak, continuous, fine. 2432-5 

293-89 Weak, very short, nebulous .... 2415-8 

297-52 f Weak, short, nebulous. 2403-4 

297-82 \ Weak, short, nebulous. 2402-6 

305-77 ,r Strong, continuous. 2381-0 *\ 

309-32 < Strong, continuous, with a nimbus 2370-8 
309-74 [_ Strong, continuous, with a nimbus 2369-7 
311-99 Weak, continuous, fine. 2362-8 
316-60 TVert strong, continuous, extended, These strong lines form a charac- 

< with a nimbus. 2350-1 teristic group. 
318-66 Strong, continuous, extended, sharp . 2344-3 
330-40 Weak, continuous, fine. 2320-7 
339-14 Vert strong, nebulous, with a nimbus, 

and slightly nebulous, extended . 2288-9 
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The Spectrum of Arsenic (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

343-00 Faint, short, nebulous, broad. . . . 2279-0 
345-66 Fairly strong, continuous. 2272-3 
347-54 Weak, discontinuous. 2267-5 
362-80 Fairly strong, continuous, nebulous 2230-0 
372-30 Weak, discontinuous. 2207-0 
382-74 Weak, discontinuous. 2182-5 
385-24 Weak, discontinuous. 2176-8 
390-40 Strong, continuous, broad, nebulous . 2165-4 
394-44 Strong, short. 2156-7 
397-06 Strong, short . 21510 
398-64 Strong, short . 2147-8 
400-13 Strong, continuous, broad, nebulous . 2144-5 
404-75 Strong, discontinuous, broad, nebulous 2135-2 
415-22 Strong, continuous, broad, nebulous, 

weak in tbe centre. 2112-2 

The Spectrum of Antimony. 

Scale- 
numbers. Description of lines. Wave¬ 

lengths. 
Remarks. 

6-23 Weak, discontinuous. 47140 There are very many strong and 
7-15 Weak, short. 4692-5 nebulous lines in this spec- 

11-46 Weak, fine, discontinuous. 4599-0 trum. Two of the longest and 
11-90 Weak, short. 4590-0 strongest lines which are not 
16-09 Weak, fine, discontinuous. 4506-5 nebulous are those with wave- 
18-75 Weak, short. 44570 lengths 2597'2 and 2527"6. 
20-33 Faint, short. 4427-5 
23-10 Weak, short. 43750 
24-55 Strong, short . 4351-5 
26-62 Weak, short. 4316-1 
29-57 Strong, short. 4264-4 
32-37 Weak, short. 4218-5 
33-86 Weak, short. 4194-5 
35-38 Faint, short. 41700 
37-33 Faint, short. 4140-2 
87-82 Weak, short. 4132-8 
45-17 Faint, short. 4026-0 
46-05 Weak, short. 3984-9 
49-31 Faint, short. 3968-4 
49-53 f Faint, short. 3964T 
49-87 \ Faint, short. 3960-3 
51-86 Weak, short. 3933-2 
53-85 Faint, very short. 3907-5 
58-38 Fairly strong, short. 3849-7 
59-07 Fairly strong, short. 3840-2 
60-37 Faint, short. 38250 
64-78 Faint, short. 3771-0 
67-63 Vert strong, short. 3739-0 
69-10 Weak, fine, continuous. 3722-4 
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The Spectrum of Antimony (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. Remarks. 

69-35 Faint, short, fine. 3720-5 

72-39 Strong, very short. 3686-0 

75-57 Strong, very short. 3651-6 

76-92 Strong, continuous, fine. 3637-5 

77-65 Strong, short, fine. 3629-4 

80-74 Very strong, nebulous, discontinuous . 3597-8 

81-81 f Strong, nebulous, short. 3566-0 

84-64 1 Strong, nebulous, short. 3559 1 

87-13 j Fairly strong, very short. 3533-7 - These form a remarkable group of 
88-65 j_ Fairly strong, very short. 3520-3 lines. 
90-21 Strong, nebulous, short. 3504-6 

90-92 Strong, nebulous, discontinuous . 3498-3 

93-55 Strong, nebulous, discontinuous . 3473-9 

95-19 Faint, short. 3459-0 
96-05 Faint, short. 3451-1 
98-97 Strong, very short. 3425-9 

100-13 Faint, short. 3414-7 
101-45 Weak, very short. 3403-0 

102-03 Weak, short. 3397-9 
103-87 Weak, continuous, fine. (3382-0) Apparently a tellurium line. 

109-36 Very strong, short. 3336-4 

113-47 Strong, short. 3303-2 

116-47 Weak, continuous, fine. / 3279-7 \ Apparently tellurium lines in 
117-38 Strong, continuous, fine. 13273-0/ * antimony. 
118-21 Strong, continuous, fine. 3266-6 

120-80 Strong, continuous, fine. (3246-6) Apparently a tellurium line. 
121-65 f Very strong, nebulous, discontinuous. 3240-5 

122-87 \ Strong, continuous, fine. 3231-6 

127-48 Faint, short. 3195-6 
128-86 Faint, short. 3186-1 
131-65 Faint, short. 31667 
143-75 Faint, short. 3085-2 
151-03 Strong, nebulous, discontinuous. 3039-8 

152-91 Strong, fine, continuous. 3029-0 

153-57 Weak, short. 3023-7 

153-99 Fairly strong, short. 3021 1 

155-83 Fairly strong, short. 3010-4 

161-03 Strong, discontinuous, nebulous. 2979-8 

163-56 Strong, discontinuous, nebulous. 2965-2 

171-15 Weak, discontinuous. 2921-6 

173-00 Strong, short. 2912-6 

177-07 Strong, discontinuous, nebulous. 2890-3 

179-62 f Week, short. 2878-3 

179-29 \ Strong, continuous, extended, fine . . 2877-1 

182-43 Weak, short. 2861-9 

183-63 Fairly strong, very short. 2855-3 

184-82 Weak, continuous, fine. 2849-9 

187-50 Weak, short. 2836-0 

189-55 Weak, continuous. 2824-7 
195-43 Weak, short. 2796-9 

197-05 f Very strong, short, nebulous . 2789-6 

198-03 \ Fairly strong, short. 2788-5 

200-07 Fairly strong, short. 2785-3 
200-1 Weak, short. 2775-7 
201-29 Strong, continuous, extended, fine . . 2768-9 

202-37 Weak, short. 2763-2 
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The Spectrum of Antimony (continued). 

Scale- 
numbers. 

Description of lines. Wave¬ 
lengths. 

Remarks. 

203-11 Weak, very short. 2760-8 
204-45 Weak, very short. 2754-9 
207-64 Strong, very short. 2740-1 
210-62 Fairly strong, continuous, fine . 2726-1 

212-57 Strong, continuous, fine. 2717-9 

213-39 Faint, short. 2714-0 

216-09 Faint, short. 2702-6 
216-65 Faint, short. 2700-2 
218-67 Fairly strong, fine, continuous . . 2691-3 

219-91 Weak, short. 2685-5 

220-83 Strong, continuous, fine. 2681-7 

222-77 Faint, discontinuous. 2674-0 

223-70 f Strong, continuous, fine. 2668-9 

223-97 (_ Strong, short, nebulous. 2668-3 

226-87 Fairly strong, nebulous, discontinuous 2656-3 

228-07 Strong, continuous, fine. 2651-7 

233-07 Strong, very short. 2631-2 

236-73 Strong, short. 2616-3 
237-40 Faint, fine, continuous. 2613-7 
238-05 Strong, continuous, fine. 2611-3 

241-65 Very strong, continuous, extended, 

sharp. 2597-2 

243-63 Very strong, short. 2589-4 

248-01 Fairly strong, continuous, fine 2572-7 
248-65 Fairly strong, discontinuous .... 2570-1 

249-64 Fairly strong, fine, discontinuous . 2566-7 

250-18 Strong, continuous, nebulous, weak in 
centre. 2564-6 

251-97 f Faint, nebulous, short. 2557-4 

252-32 \ Faint, short. 2556-6 

253-13 Weak, fine, continuous. 2553-3 

253-93 Faint, short.. 2549-8 
256-05 Strong, discontinuous. 2542-9 

260-33 Very strong, continuous, extended, 
sharp . 2527-6 

262-75 f Very faint, fine, continuous .... 2519-5 

263-02 \ Weak, short, nebulous. 2518-8 

264-28 Weak, short, nebulous. 2514-5 

265-45 Weak, fine, continuous. 2509-5 

266-28 Strong, short. 2506-5 

268-20 Faint, short, nebulous. 2500-2 

270-75 Faint, short, fine. 2490-7 

271-50 Faint, short, fine.. 2489-2 

272-53 Faint, short. 2485-7 

273-87 C Faint, fine, continuous. 2480-4 

274-31 \ Weak, fine, continuous. 2479-4 

274-90 | Strong, continuous, fine. 2477-3 

275-21 [_ Faint, short, nebulous. 2476-7 

276-015 Faint, fine, continuous. 2473-4 

277-14 Faint, short, nebulous. 2470-2 

278-94 Faint, short, nebulous. 2464-4 

279-66 Faint, short, nebulous. 24620 

280-68 Faint, short, nebulous. 2458-8 

282-09 Faint, short, nebulous. 2454-5 

284-20 J Faint, short, nebulous. 2445-7 

284-90 \ Strong, continuous, fine. 2444-8 
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The Spectrum of Antimony (continued). 

Scale- 
numbers. 

Description of lines. 

287-35 Fine, discontinuous. 

290-92 f Weak, continuous, fine. 

291-68 < Faint, discontinuous, nebulous . 

292-40 fWeak, continuous, fine. 

295-71 
1 Faint, short. 
\ Faint, short. 

297-71 Weak, short, nebulous. 

298-17 Faint, short. 

299-44 f Faint, short. 
301-00 \ Weak, discontinuous. 

304-90 Strong, continuous. 
308-28 Strong, continuous. 
309-61 Strong, short. 

312-72 Strong, short, nebulous. 
312-93 Weak, fine, continuous. 
315-60 Faint, discontinuous. 
316-46 Faint, discontinuous. 
322-41 Weak, very short, nebulous .... 
323-14 Faint, short, nebulous. 
323-90 Faint, short, nebulous. 
325-46 Faint, short, nebulous. 
327-00 Faint, short, nebulous. 
328-75 Weak, discontinuous . . ! . 
330-37 f Strong, continuous, short. 
332-25 (_ Fairly strong, continuous, sharp . 
336-05 f Fairly strong, short. 
337-17 < Fairly strong, continuous. 

339T8 |_ Fairly strong, continuous. 

342-28 Faint, very short. 
343-25 Faint, very short. 

343-77 Faint, short. 

346-11 Faint, short. 
349-15 Strong, continuous . 

355-38 f Strong, continuous, weak in the centre 
357-25 \ Strong, continuous, weak in the centre 
360-93 Faint, short. 
362-22 f Faint, short. 
362-64 < Faint, short. 
363-15 (_ Faint, short. 
364-53 Weak, nebulous, continuous, weak in 

the centre. 
365-45 Faint, discontinuous....... 
366-29 Weak, nebulous, continuous .... 
367’46 Weak, nebulous, discontinuous . 
368-39 Weak, nebulous, short. 
370-48 Faint, short. 
371-50 Weak, nebulous, continuous .... 
373-61 ( Faint, short. 
374-31 < Weak, continuous. 
375-05 ! Faint, short. 
378-35 / Weak, discontinuous. 
378-76 [Weak, short. 
379-70 Faint, short. 
384-24 f Strong, continuous, broad .... 
385-71 \ Strong, continuous, broad .... 
388-35 Strong, short. 

Wave¬ 
lengths. 

2438-0 
2425-7 
2423-0 
2421-5 
2410-3 
2408-3 
2405-3 
2403-8 
2399-9 
23953 
2383-2 
2374-3 
2370-0 
2361-3 
2360-7 
2353-0 
2350-6 
2334-2 
233/S 
2329-7 
2325-3 
2322-1 
2316-4 
2311-8 
3306-8 
2297-0 
2294-0 
2288-8 
2280-8 
2278-3 
2277-1 
2271-1 
2263-5 
2248-0 
2243-5 
2234-5 
2231-3 
2230-3 
2229-0 

2226S 
22235 
22215 
2218-7 
2216-3 
2211-3 
2209 0 
2203 8 
2202-2 
22003 
2192-6 
2191-6 
2189-3 
2179-0 
2175-8 
2170-1 

Remarks. 

Appears single, but is seen to be 
double wben very highly magnified 

MDCCCLXXXIV. 
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The Spectrum of Antimony (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Bern arks. 

393-19 Faint, continuous. 2159-4 
394-79 Faint, short. 21560 
398-07 Faint, short. 2148-8 
400-12 Weak, continuous, nebulous .... 2144-4 
401-31 Faint, continuous, very faint in the 

centre. 21420 
402-53 Weak, continuous, very weak in the 

centre. 2139-3 

404-23 Weak, discontinuous. 2135-7 

408-73 Faint, discontinuous. 21261 

410-43 Faint, discontinuous. 2122-5 

412-60 Faint, discontinuous. 2118-0 

416-10 Faint, discontinuous. 2110-4 

419-01 Faint, short. 2104-2 

422-70 Faint, continuous.. 2096-4 

427-61 Very faint, Yery short. 2086S 
433-02 Very faint, very short. 2075.3 
438-30 Weak, continuous, broad. 2064-8 
445"62 Faint, discontinuous. 2050-5 
448-25 Faint, discontinuous. 2045-3 

The Spectrum of Bismuth. 

Scale- 
numbers. 

Descripton of lines. 
W ave - 

lengths. Remarks. 

5-74 Weak, fine, continuous. 4724-5 The very short, strong-, and nebu- 
6-49 Weak, short. 47070 lous rays which abound in the 

13-41 Strong, short, extended. 4560-0 less refrangible region of this 
17-64 Weak, short. 4477-0 spectrum resemble those in the 
22-25 Weak, short. 4391-0 spectrum of antimony. 
25T0 Fairly strong, short. 4339-4 

25-72 Fairly strong, short. 4328-7 

27-31 Very strong, discontinuous, broad . 4301-5 

29-03 Strong, short .. 4271-3 

29-85 Very strong, discontinuous .... 4259-2 

38-63 Strong, continuous, fine. 4121-2 

41-43 Strong, discontinuous. 4079-0 

57-25 Strong, discontinuous. 3863-7 
58-51 Fairly strong, short. 3848-5 

58-72 Weak, short, fine. 3845"4 

61-10 Strong, discontinuous. 3815-9 

61-58 Fairly strong, fine, discontinuous 3810-5 
63-10 Very strong, nebulous, continuous . 3792-7 
64-15 Fairly strong, discontinuous .... 3780-6 

66-16 Strong, discontinuous. 3757-0 

68-26 Weak, short. 3732 7 
69-38 Weak, fine, short. 3711-0 
70'30 Fairly strong, very short. 3704-0 
71-63 Very strong, short, nebulous 3695-3 
72-91 Very weak, short. 3684-5 
75-36 Strong, fine, discontinuous .... 3653'9 
76-41 Faint, very short . . . 3647-4 
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The Spectrum of Bismuth (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Remarks. 

77-29 Weak, very short. 3631-9 
79-21 Yery strong, nebulous, short . 3613-8 
80-99 Strong, fine, continuous. 3595-7 
86-40 Strong, short. 3541-5 
87-91 Fairly strong, very short. 3527-9 
88-97 Faint, short, nebulous. 3517-9 
89-69 Strong, fine, continuous. 3510-5 
92-37 Strong, short, nebulous. 3485-0 
93-65 Strong, short, nebulous. 3473-5 
95-59 Weak, discontinuous, fine. 3454-8 
96-12 Strong, short. 3450-7 
98-40 Strong, discontinuous. 3430-9 

102-25 Strong, continuous, sharp. 3396-7 
102-81 Weak, short, nebulous. 3393-2 
103-91 Weak, fine, continuous. (338L9) A tellurium line probably. 

112-03 Faint, very short. 33153 
114-03 Weak, short .. 3297-9 
115-29 Weak, discontinuous, nebulous . 3287-4 
116-45 Weak, fine, continuous. (3279-9) A tellurium line probably. 

119-58 Faint, nebulous, short. 3255-4 
122-03 Weak, short. 32368 
128-75 Faint, nebulous, short ,. 3187-7 
131-28 Faint, short. 31700 
132-73 Faint, short. 31600 
137-01 Faint, short. 3130-8 
139-42 Strong, nebulous, short. 3114-8 
140-11 Weak, discontinuous, fine. 3110-4 
145-42 Fairly strong, fine, continuous . 3075-7 
146-85 Yery strong, broad, continuous, ex- 

tended, sharp . . 3067-1 
150-75 Weak, short. 3041-3 
151-91 Strong, short. 3038-0 
152-49 Strong, fine continuous, sharp . . . 3034-5 
153-75 Yery strong, extended, continuous, 

SHARP ..... . 3023-8 
156-02 Weak, short, nebulous. 3009-0 
157-27 Faint, short. 3001-2 
158-98 f Strong, continuous, sharp. 2992-2 
159-67 < Strong, continuous, slightly extended, 

sharp . 2988-1 
160-51 Weak, continuous, sharp. 2982-9 The strong lines in this portion of 
162-68 Short, faint. 2973-4 f the spectrum form a charac- 
163-27 Short, faint. 2968-9 teristic group. 
166-08 Weak, discontinuous, nebulous . 2951-0 
167-29 Faint, very short. 2942-4 
168-52 Yery strong, continuous, extended, 2942-4 

sharp ... 
169-46 Weak, very short. 2931-4 
171-03 Faint, very short. 2923-2 
172-10 Weak, very short. 2917-5 
175-85 Yery strong, continuous, extended, 

sharp. 2897-2 
182-45 Long, fine. 2862-5 
183-91 Very strong, short, nebulous 2854-8 
185-49 Fairly strong, short. 2846-1 
186-61 Weak, very short. 2840-1 
187-90 Faint, very short. 2832-8 



132 PROFESSOR W. N. HARTLEY AND MR. W. E. ADENEY 

The Spectrum of Bismuth (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Remarks. 

190-33 Fairly strong, very short. 2822-2 
191-47 Fairly strong, discontinuous . . . . 2816-3 
193-03 Strong, fine, continuous. 2808-4 
193-61 Faint, discontinuous. 2805-4 
194-29 Strong, continuous. 2802-6 
195-29 Weak, fine, continuous. 27980 
198-15 Strong, very short. 2784-0 
199-08 Strong, continuous, extended, sharp . 2779-3 
200-15 Weak, very short. 2773 5 
200-55 Weak, very short. 2772-5 
202-00 Strong, very short. 2766"3 
203'85 Faint, very short. 2757-3 
206-24 Weak, discontinuous, fine. 2746-0 
209-07 Faint, very short. 2733-2 
209-89 Strong, fine, continuous. 2729-3 
210-45 Faint, very short. 2727-1 
213-53 Weak, nebulous, discontinuous . 2743-1 
217-57 Strong, fine, continuous. 2695-6 
218-09 Faint, nebulous, short. 2693-2 
221-31 Faint, nebulous, very short .... 2679’5 
222-15 Faint, nebulous, very short .... 2676S 
225-24 Very faint, very short, nebulous 2663-6 
227-91 Strong, very short. 2651-8 
230-08 Faint, very short, nebulous .... 26414 
233-75 Weak, short. 2628-3 
234-05 Strong, continuous, sharp .... 2627-0 A prominent line. 
245-29 Very faint, short. 
245"64 Weak, fine, continuous. 258P5 
24740 Very weak, short, nebulous .... 2575-5 
255-84 Weak, nebulous, discontinuous . 2543-3 
259-20 Weak, nebulous, discontinuous . 2531-9 
259-87 Weak, discontinuous. 2529-7 
26147 Strong, fine, continuous. 2523-5 
264-01 Weak, fine, continuous. 2514-3 
267-38 Weak, short, nebulous. 2503-9 
268-22 Short, faint. 2500-6 
268-67 Faint, fine, continuous. 2499-1 
271-65 Weak, nebulous, continuous .... 2489 1 
274-30 Weak, short, fine. 2479-1 
284-08 Weak, continuous, fine. 2447-2 
287-37 Weak, short. 2437-5 
289-95 Faint, continuous, fine. 2429-3 
294-66 Vert strong, short, with a large nim- 

bus. 2414-8 A prominent line. 
295-11 Faint, short, fine. 2412-7 
299-21 Strong, continuous, sharp. 2400-7 A prominent line. 
306-87 Faint, very short, nebulous, broad . . 23780 
310-36 Strong, continuous, sharp. 2368-0 
317-73 Faint, short, broad, nebulous. . 2347-0 
323-11 Faint, short, fine . .. 2331-8 
324-79 Faint, short, broad. 2327-0 
325-43 Faint, short, fine. 2325-4 
326-78 Weak, short, fine. 2321-7 
328-30 Faint, short, fine. 2317-4 
329-83 Faint, shoi’t, broad, nebulous .... 2313-7 
330-91 Faint, long, broad, nebulous .... 2310-5 



ON THE MEASUREMENTS OF WAVE-LENGTHS. 133 

The Spectrum of Bismuth (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Remarks. 

334-40 Weak, continuous, fine. 23013 
335-83 Weak, continuous, fine. 2297-6 
337T3 Weak, continuous, fine. 2294 1 
338-09 Very faint, short, nebulous .... 2291-6 
342-20 Short, faint. 2281-0 
343-73 Strong, continuous, sharp. 2276-9 
353-59 Faint, short, nebulous. 2252-5 
354-41 Weak, short. 2250-5 
355-78 Weak, short. 2247-0 
362-20 ["Very strong, continuous, somewhat 1 

J nebulous. 2231-4 
S. Prominent lines. 

36310 | Very strong, continuous, somewhat 
nebulous. 2229 1 - 

369-05 Strong, continuous. 2214-8 
373-83 Strong, continuous, nebulous . . . 2203-3 
379-29 Faint, nebulous, continuous .... 21904 
380-78 Strong, continuous, nebulous . . . 2187-0 
385-35 Very faint, nebulous, short .... 2176-6 
395-00 Very weak, continuous, broad, nebulous 2168-5 
400-16 Weak, discontinuous, nebulous . 2144-3 
405-17 Weak, continuous, broad, nebulous 2133-8 
416-40 Faint, continuous, nebulous .... 21098 
435-60 Faint, short. 2070-2 
441-69 Faint, continuous, nebulous .... 2058-2 

Coincidences of lines reed or apparent. 

Those lines the wave-lengths of which are approximately the same have been 

tabulated, and a close examination of photographs taken from electrodes of such metals 

as appear to have coincident lines has been made. The instances where lines appear 

to coincide are extremely rare. One particular case may be referred to, it is that of 

the two lines 2307 cadmium, and 2306’9 indium. The latter line is the stronger, 

which points to the occurrence of indium in cadmium, assuming the difference in 

the numbers to be accidental. An electrode of the one metal was opposed to the other, 

and a spectrum photographed with the diffraction spectroscope shows that the indium 

line is distinctly more refrangible than that of cadmium. Many air lines are coincident 

with metallic lines : this arises not only from their great numbers, but from their breadth 

and band-like character. In many parts of the spectrum some of our photographs 

show a continuous background to the metallic lines, which is formed of what to all 

appearance are finely and very closely ruled lines, these belong to the spectrum of air. 
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The Spectrum of Mercury. 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Remarks. 

24-05 TVeet steong, continuous, much ex 
J tended, sharp. 4358-0 All the lines in this spectrum were 

24-61 | Faint, continuous, fine. 43480 measured from a prism photo- 

25-03 t_Faint, continuous, fine. 4341-0 graph, and are therefore printed 

41-56 Weak, continuous, fine. 4077-5 in Italics. 

43'76 IVery strong, continuous, much ex Several lines due to tin are visible 

J tended, sharp. 4046-5 in the photographs, but they are 
48-19 | Vert steong, continuous, much ex- 

tended, sharp. 39840 
not recorded here. 

57-65 Weak, continuous, nebulous . 38590 
60-85 Weak, continuous, nebulous . 38200 
61-90 J Faint, continuous. 38070 
62-45 \ Faint, continuous 38000 
63-31 Strong, continuous. 3790-0 
65-04 f Weak, continuous. 37700 
66-34 \ Faint, fine, continuous. 3754-7 
66'65 Strong, continuous. -375 1 0 
72-82 Weak, continuous, nebulous . . . 

rA triplet of fairly strong, con-~i 
3681-9 

74- 60 

75- 37 
77-37 

tinuous, sharp, much extended 
lines, with a nimbus, the 

1 most refrangible line being 
the strongest and most ex- 

* 

36629 
3654-4 
3632-9 

tended 

84-47 f Strong, continuous, fine .... 
\ Strong, continuous, fine .... 

3560-1 
86-27 3542-3 
91-52 Very faint, short. 34926 
93-60 Very faint, short. 3473-4 
96-04 Very faint, short. 3451 4 

103-00 Strong, continuous, somewhat nebu- 
lous, extended. 3389-5 

105-84 Faint, discontinuous, fine .... 33655 
107-58 Weak, nebulous, continuous . 33512 
108-79 Strong, continuous, extended . . 3341-2 
123-40 Faint, short fine. 3226-4 ! 
126-02 Weak, continuous, fine, faint in the 

centre. 3207-1 
137-08 / A pair of very strong, continuous, 3130-4 
137-95 1 much extended lines, with a nimbus 3124-5 
142-50 Faint, fine, continuous. (.30940) Possibly due to an impurity. 

154-12 Strong, continuous, with a nimbus 
extended . 30210 

163-37 Very strong, broad, with a nimbus, 
extended . 2966-4 

166-86 Strong, continuous, fine, extended . 29466 
168-84 Weak, discontinuous, fine .... 2935-5 
170-70 Weak, continuous, fine. 2925-2 
172-50 Weak, continuous, fine, faint in centre 2915-3 
176-63 Strong, continuous, sharp, extended 2892 9 
185-45 Very strong, continuous, broad, some- 

what nebulous, extended '. 2846S 
188-34 Faint, continuous, fine . 2832-1 
191-04 Strong, continuous, nebulous 2819-7 
192-80 Faint, discontinuous, nebulous . 28100 
193-90 Fairly strong, continuous, fine, weak 

inacentre . 2804-5 
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The Spectrum of Mercury (continued). 

Scale- 
numbers. 

Description of lines. 
Wave¬ 

lengths. 
Remarks. 

195-17 Weak, continuous, nebulous, faint in 

centre. 2798-5 
196-96 Weak, continuous, fine, faint in centre 27900 
200-48 Faint, discontinuous, nebulous . 2773-2 
203-09 Weak, fine, discontinuous. 2760-8 
205-06 Fairly strong, fine, continuous . 2751-5 
216-26 Faint, nebulous, discontinuous . 27020 
226-66 i Weak, discontinuous, nebulous . 2657-6 
227-97 Strong, vert broad, nebulous . . . 2652-2 
229-79 Faint, nebulous, discontinuous . 26446 
230-77 Faint, broad, nebulous, discontinuous . 2640-6 
240-37 Fairly strong’, fine, discontinuous . 2602-3 
245-21 Faint, discontinuous, fine. 2584-2 
247-46 Faint, continuous, nebulous .... 25753 
258-20 J ' V ery strong,sharp,continuous, extended 2535 8 
258-75 Strong, nebulous, continuous 2533-8 
261-88 Very faint, discontinuous, nebulous 2522-7 
264-20 Very faint, discontinuous, nebulous 25/4-3 
270-83 Strong, fine, continuous, weak in 

centre. . . 2491-4 

273-64 1 Faint, continuous, broad, nebulous . 2484-2 

274-85 1 Very faint, discontinuous, nebulous 2477-7 

277-85 1 Faint, discontinuous, nebulous . 2468-0 
278-16 Faint, discontinuous, nebulous . 24670 

279-15 Faint, discontinuous, nebulous . 2463 7 
280-53 Very faint, discontinuous, nebulous 2459-3 
294-79 J ’ Strong, continuous, fine, weak in centre 24/4-3 
297-07 Strong, continuous, fine, weak in centre 2407-3 

302-78 Very faint, continuous, nebulous . 2390 0 

314-84 Weak, continuous, nebulous .... 2355-2 

319-38 Very faint, continuous, nebulous . 23422 
320-20 Very faint, discontinuous, nebulous . 23400 
329-21 Very faint, continuous, nebulous . 23152 

336-25 Very faint, continuous, fine .... 2296-5 
337-74 Very faint, continuous, nebulous . 22926 
348-65 fFairly strong, continuous, fine, weak 

in centre . 2264-2 
349-27 Fairly strong, continuous, fine, weak 

in centre. 22633 
350-00 Strong, nebulous, continuous . . . 2261-4 
353-00 Strong, fine, continuous. 2254 0 
362-28 Very faint, fine, continuous .... 22310 

364-51 Strong, broad, nebulous, continuous . 2225 7 
379-09 Very faint, fine, continuous .... 2190-9 

398-45 Very faint, fine, continuous .... 2148-0 

MDCCCLXXX1V, T 
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VI. Experiments upon the Heart of the Dog with reference to the Maximum Volume of 

Blood sent out big the Left Ventricle in a Single Beat, and the Influence of 

Variations in Venous Pressure, Arterial Pressure, and Pulse-Rate upon the work 

done by the Heart. 

By Wm. H. Howell, A.B., Fellow of the Johns Hopkins University, Baltimore, 

and F. Donaldson, Jun., A.B. 

Communicated by Professor M. Foster, Sec. R.S. 

Received May 28—Read May 31, 1883. 

[Plate 7.] 

The most important factor to be determined before calculating the work done by 

the heart is the quantity of blood forced from the ventricles at each systole. Most 

of the efforts to determine this quantity have been based either upon faulty obser¬ 

vations upon the dead heart, or upon the uncertain data obtained by estimating the 

mean velocity of the stream of blood in the aorta. Professor Martin accordingly 

suggested to us that we should attempt to measure it directly on the isolated Dog’s 

heart. The work thus undertaken was carried on during the greater part of the 

university session, 1881-82, and the results obtained are given in the following pages. 

The method of isolating the heart was essentially that described in Professor Martin’s 

paper (Phil. Trans., 1883, p. 663). 

In the course of this work many unexpected difficulties arose, necessitating changes 

in the apparatus and the method of operating, and preventing us for a long time 

from obtaining any successful results. In our experiments it was necessary not only 

that the heart should live and beat, but that it should be in the best possible 

physiological condition, and any marked pulmonary oedema made an experiment 

nearly valueless. This most frequent cause of failure was mainly owing to the 

fact that, on account of the large quantity of blood required for an experiment, we 

were obliged to use Calf’s blood obtained from the butcher ; very often this blood, 

as Professor Martin states in his paper, will bring about oedema of the lungs in a 

short time ; large quantities of exuded serum pour out of the tracheal cannula, the 

air-passages in the lungs become choked up with liquid, and the circulation from 

the right to the left side of the heart is greatly impeded. We have succeeded, 

however, in making a considerable number of experiments in which all the conditions 

t 2 
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were favourable, the oedema of the lungs not occurring to any marked extent until 

after many observations had been made. 

In speaking briefly of former attempts to compute the amount of blood thrown 

out from the left ventricle at each systole, it is hardly necessary to refer to the 

earlier observations made upon dead hearts, since these are universally allowed to be 

of but little value. We need only say a few words about the later experiments upon 

living animals made by Volkmann, Vjerordt, and Fick. 

The method used by Volkmann (1) is too well known to require any extended 

description. It is based upon the principle that the velocity of the blood stream is 

inversely as the width of the channel in which it flows. The line of argument used is 

this—starting from the aorta at its origin, which he calls the first vascular section, 

we have, first, a division into the innominate and the aorta beyond the innominate ; 

this he calls the second vascular section, and supposes that the velocity of the stream 

in each of the two divisions of this section is the same, and is as much less than the 

velocity in the undivided aorta as their united sectional areas are greater than the 

sectional area of the aorta. The innominate in turn divides into branches making 

a third vascular section ; the velocity in each of these branches is again the same, and 

as much less than the velocity in the innominate as the sum of their sectional areas 

is greater than the sectional area of the innominate. Then by determining the 

velocity of the blood in one of these last divisions by means of his hamodromometer, 

and measuring the width of the different vascular sections mentioned, the necessary 

data were obtained for estimating the quantity of blood passing through the sectional 

area of the ascending limb of the aortic arch in a given time, and therefore, knowing 

the pulse-rate, the quantity of blood sent out from the ventricle at each systole. 

The whole method is evidently subject to many serious errors, the most important 

of which is that the velocity of the blood stream, as has been shown by Dogiel, 

undergoes such great variations that but little positive value can be attached to an 

experimental determination of it at any one time, or even to the mean deduced from 

many observations. 

Besides this, the method employed to determine the width of the vascular sections 

is open to objection. The means used for determining this factor were briefly these. 

After obtaining the velocity in the carotid, the diameter of that vessel was measured ; 

the animal then killed, and the vascular system injected from the abdominal aorta 

with melted wax, and under such a pressure that the carotid assumed the same 

diameter as that which it had previously wdien the velocity in it was measured. 

After the wax had hardened the diameter of the aorta and of the other vessels was 

obtained. As Volkmann himself says, one is not at all sure in this case that 

the parts of the vascular system under consideration will be distended in the same 

proportion to each other that existed during life; he thinks, however, that this 

will make no difference as long as the carotid possesses the same diameter that it 

had when the velocity in it was measured, since any over-valuation of the width of 
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the aorta will be balanced by a proportional under-valuation of the velocity in it, 

and inversely. While this may be true of the aorta as compared with the carotid 

alone, it will hardly hold with regard to the intervening vessels, the second branch 

of the third vascular section for instance, any mistake in the diameter of which 

will introduce an error into the calculation. Vierordt’s method (2) is based, like that 

of Volkmann, upon the proposition that the mean velocity in the arterial system 

is inversely as its sectional area. He determined the mean velocity in the carotid 

by means of his hsemotachometer, obtaining results for the Dog which agree very 

closely with those obtained by Volkmann. Knowing the velocity in the carotid, 

and accepting the measurements given by Krause for Man of the diameter of the 

carotid, the sub-clavian, the innominate, and the aorta beyond the point at which the 

innominate is given off, he deduced the quantity of blood flowing through the 

sectional area of each of these arterial trunks in a second. The quantity of blood 

flowing per second through the sectional area of the ascending limb of the aortic arch 

was taken as equal to the sum of these quantities plus 4 cub. centims. allowed for the 

coronaries. Knowing the number of systoles occurring in a second, the quantity 

thrown out at each systole is easily obtained. Vierordt does not accept the 

supposition of Volkmann that the velocity in each branch of any one vascular 

section is the same, but thinks it safer to assume that the mean velocity in the 

aorta beyond the giving off of the innominate is one-fourth greater than that in the 

innominate. For the ratio of the weight of blood thrown out from the left ventricle 

at each systole to the body weight, he gets a fraction almost identical with that of 

Volkmann : about iwoth. 

Fick, in consequence of the unreliable data upon which the results obtained by 

Volkmann and Vierordt are based, can see in their close agreement only accident. 

His own method (3) while possessing the advantage, as far as Man is concerned, of 

being applicable directly to the human subject, rests, however, upon assumptions 

which cannot be freely allowed. The arm in his method was placed in a sort of 

plethysmograph, by means of which changes in volume occurring at each systole were 

registered upon a revolving drum ; from this curve of volume he constructed a curve 

showing the changes in the strength of the stream in the axillary artery as compared 

with the strength of the stream in the axillary vein, which was taken as a constant. 

From a comparison of this curve with the curve of changes of velocity in the carotid 

of the Horse obtained by Chaveau, he endeavoured to give absolute values to the 

ordinates of his curve, and in this way determined the quantity of blood flowing 

through the sectional area of the axillary artery in a second ; to obtain the quantity 

flowing through the sectional area of the sub-clavian in a second he multiplied by two. 

Then taking the ratio of the strength of stream in the sub-clavian to that in the aorta 

as given by Vierordt, he obtained the quantity of blood flowing through the sectional 

area of the aorta in a second, from which, knowing the pulse-rate, the quantity of 

blood thrown out at each systole was deduced. The mean of his two experiments 
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gave about y^oo as the ratio of the weight of blood thrown out at each systole to 

the body weight. 

Before passing on to a discussion of the results of our work it will be necessary to 

give a brief description of the manner in which observations were made. The appara¬ 

tus and the method of operation were the same as those described by Professor 

Martin (Phil. Trans., 1883, p. 663). Our Dogs, however, were always anaesthetized by 

means of a mixture of chloroform and ether, and great care was taken to introduce 

into the aorta a cannula with as large a bore as possible. 

As quickly as possible after the Dog was in the warm chamber, all the connexions 

made and the heart going well, observations were begun in order to complete a series 

before pulmonary oedema commenced to impede the flow of blood from the right to 

the left side of the heart. The chief point in an observation was to determine the 

quantity of blood pumped out from the left ventricle in thirty seconds. In order to 

accomplish this, one of us took charge of the kymograph, upon the roll of paper of 

which was made to write on the same vertical line the pens of two manometers (one 

recording mean pressure, the other the pulse rate), and of the chronograph, and a 

marking pen to indicate the period during which the blood was collected from the 

outflow tube. This person, when an observation was to be made, after allowing the 

kymograph to run for a few seconds in order to see that the pens were all writing 

properly,, counted aloud 30 seconds, pushing down the handle of the marking pen 

at the beginning of that time and holding it in that position until the 30 seconds 

had been counted. The other person meanwhile collected the blood pumped out from 

the left ventricle daring this time by simply moving the end of the outflow tube S 

(Plate 7) from the funnel x to a graduated cylinder at the beginning of the 30 

seconds, and back again to the funnel at the end. The kymograph was then stopped, 

the observation numbered upon the roll of the kymograph paper and also in the note¬ 

book, and the quantity of blood pumped out, the time of the observation, the venous 

pressure used during the observation, and the temperature of the blood flowing into 

the heart as given by the thermometer p, noted down. After the conclusion of an 

experiment the tracings were carefully examined, and the pulse-rate and the mean 

arterial pressure during each observation ascertained. After each observation, in 

place of the blood collected, about an equal amount of warmed blood, a supply of which 

was kept at hand, was poured back into the receiving flask through the funnel F. 

In giving the results of our experiments, it will be convenient to consider them 

under four different heads, viz.:— 

I. The maximum quantity of blood which can be thrown out from the left ventricle 

at a single systole. 

II. The influence of variations of arterial pressure on the work done by the heart. 

III. The influence of variations of venous pressure on the work done by the heart. 

IV. The influence of variations of pulse-rate on the work done by the heart. 
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I. 

The maximum quantity of hloocl which can be thrown out from the left ventricle at a 

single systole. 

Our method of working in determining this quantity was as follows :—After the 

animal had been placed safely in the warm case, and all the connexions had been 

made, an observation was immediately taken in the way described, at a venous 

pressure of 10 centims. ; the pressure was then raised 5 or 10 centims. and another 

observation taken, and so on, until a limit was reached, that is, a point beyond which 

increase of venous pressure did not cause an increased outflow from the aorta. The 

venous pressure was then brought back to 10 centims., and an observation taken as a 

control experiment to determine whether or not the condition of the lungs in the 

meantime had been such as to interfere with the passage of blood to the left auricle. 

Below is given a table showing the results of six experiments upon this point ; the 

complete records of these experiments will be found farther on under Section TIL, with 

the exception of those of May 9 th and May 30tb. The control observation in all the 

experiments, with the exception of the two just named, in which it was not made, 

showed that the passage through the lungs had not yet become seriously obstructed. 

This part of the experiment, indeed, was generally completed within a few minutes, 

and before the lungs had become noticeably oedematous. The temperatures given are 

those of the blood flowing into the right side of the heart. 

The weight of the heart is given together with that of the whole animal, though 

there does not appear to be any constant relationship between it and the weight of 

blood pumped out of the ventricle at each systole. In weighing the heart the vessels 

springing from it were cut off at their origin, superfluous fat removed, and the cavities 

of the heart cut open and cleaned. 

Table showing the maximum quantity of blood which can be thrown out from the 

left ventricle at a single systole. 

No. of 
experiment. 

Date. 
1882. 

Weight 
of Dog. 

Weight 
of heart. 

Temperature 
of blood 

flowing into 
the heart, C. 

Heart 
beats in 

30 
seconds. 

Venous 
pressure in 
centims. 
of blood. 

Arterial 
pressure in 
millims. of 
mercury. 

Total 
outflow 

from the 
aorta in 

30 seconds 
in cub. 

centims. 

Outflow 
from the 
aorta at 

each 
systole 
in cub. 

centims. 

1 April 4 
grms. 
5891 

grms. 
51*5 

0 

36 99-5 36"8 109 576 5-79 
2 „ 13 8125 92 34-25 86-5 50 135 750 8-67 
3 5J ?! 35-25 84 58 134 715 8-51 
4 „ 18 7725 63 37 103 70 143 850 8-25 
5 May 2 8610 76 35"5 89-5 60 138 982 10-97 
6 „ 9 5645 73 35 82-5 35 112 490 5-94 
7 „ 30 9555 81-5 37 102 59 121 950 9-31 
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Observations on the preceding table.—In experiment 1, April 4th, it is probable that 

the limit was not quite reached, as will he seen by referring to the complete record of 

that experiment (see Section III.) ; the apparatus at that time being arranged so 

that 36’8 centims. was the highest venous pressure that could he obtained. 

In experiment 4, April 18th, the limit was practically reached at a venous pressure 

of 60 centims. The right auricle then received all the blood the heart could pump out. 

In experiment 7, May 30th, we are not positive that the limit was completely 

reached, no higher venous pressure than that recorded was tried, on account of the 

object for which the experiment was performed (see Section IV.). This experiment 

was introduced into this table, since it had been found in the other experiments 

that the maximum outflow from the aorta was obtained at or below a venous 

pressure of 60 centims. Since the Dog in this case was somewhat larger than those 

usually experimented upon, it is possible that a larger outflow might have been 

obtained at a higher venous pressure. 

The ratio of the weight of blood thrown out at each systole to the weight of 

the animal is given in the following table. The specific gravity of the defibrinated 

Calf’s blood is taken as 1050 ; an accurate determination in one case gave 1047. 

April 4. 5*79 X 1*05= 6-08 -=-5891 = ‘00103 

„ 13. 8-67X 1-05= 9 "10 4- 8125 = "00112 

„ 18. 8-25 x 1-05= 8-66-^-7725=-001 12 

May 2. 10‘97xl'05 = ll-52^8610='00134 

„ 9. 5-94x 1-05= 6-24-t-5645 =-00111 

„ 30. 9-31 X 1-05= 9’78-i-9555 =‘00102 

The agreement amongst the results is as close as could be expected, when we 

remember the number of disturbing conditions which may come into play. 

One of the most important causes of variation, the value of which we did not fully 

recognise until our experiments had nearly drawn to a close, is to be found in the 

pulse-rate ; this, as will be shown in Section IV., exercises a marked influence on the 

amount of blood thrown out at each systole. 

Omitting the experiments of April 4th and May 30th, since in both cases the 

maximum was not quite reached, we find that the mean ratio of the maximum weight 

of blood thrown out from the left ventricle at a single systole to the whole body weight 

is ‘00117 or -g-g-g, for a mean pulse-rate of 180 per minute. 

Since the slowing influence of the vagi is removed from a heart isolated in this 

way, the pulse-rate of course is greater than in the normal Dog. 

The average pulse-rate in a living Dog may be taken as about 120 per minute. We 

have as yet only one experiment, that of May 30th (see Section IV.), to show what 

the maximum outflow at each systole is when the heart is beating at this rate. 

According to that experiment the ratio of the maximum weight of blood forced out 
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from the left ventricle at each systole to the weight of the animal, when the heart 

is heating at 120 per minute, is about *0014, or 

It should be mentioned that care was taken in these experiments that the heart 

should receive an abundant supply of blood. The possible outflow from the flasks 

in 30 seconds for each venous pressure used was determined beforehand, and found 

to exceed by several hundred cubic centimetres the actual quantities pumped out by 

the heart. 

When we come to apply the knowledge obtained in this way from the isolated 

heart to the heart in the normal animal, we are met with the difficulty of deciding 

which of the results to take as most nearly representing the actual condition of things 

in the body. For several reasons we are inclined to believe that the maximum outflow 

comes closer to the average quantity thrown out during life at each systole than 

any other we might take; in other words we think it very probable that the left 

ventricle during life is distended during each diastole to about its maximum capacity. 

Such a supposition is supported by the work of Foy (4) on the Frog’s heart. 

Foy found for the Frog that with an intra-ventricular pressure of 15 centims., the 

capacity of the ventricle had practically reached its limit, and that this is just about 

the amount of intra-ventricular pressure during life, “ The intra-ventricular pressure 

during diastole, so far as it is governed by the auricles, will vary from 2 to 10 centims., 

precisely the limit at which the ventricle has its greatest possible distensibility 

within the limits of elasticity.” 

Another point which may be brought forward that lends some probability to this 

view, is found in a consideration of the time required for a complete circulation of the 

blood to take place. Knowing the proportion of the total weight of blood to the 

weight of the Dog, and the quantity of blood discharged from the heart at each 

systole, it is evident that we have a ready means of determining the time necessary 

for the completion of a circulation. Let us see how the time obtained by supposing 

that our maximum quantity represents the true capacity of the ventricle during 

life agrees with the results obtained from Dogs by direct experiment. 

Taking a Dog weighing 8000 grms., the total quantity of blood will be equal 

to 8000 X '076 = 608 grms. The weight of blood thrown out from the left ventricle 

at each systole, with a pulse-rate of 120, will be about 8000X'0014= 11 *2 grms. 

The number of systoles then that must occur in order for the total weight of blood 

to make a complete circuit through the left ventricle will be 608 -f-11 '2 = 54 ; and 

54 systoles at the given pulse-rate will take 27 seconds. 

Vierordt, in his experiments on Dogs, found that the greatest time required for 

a salt injected into the jugular vein to be detected in the blood of the femoral vein was 

21*76 seconds ; his mean result from four experiments was 1 8‘08 seconds. 

The number obtained from our calculation is somewhat higher, as in the nature of 

the case it should be, since Vierordt’s experiments were directed to only one 

of the many paths open to the blood in normal circulation, some of which will require 

MDCCCLXXXIV. U 
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a longer time to traverse, as for instance, those in which the portal system is included, 

some a shorter time. 

If we take the ratio of the weight of blood pumped out at each systole to the body 

weight as given by Yolkmann, and with which that of Vierordt is almost identical, 

viz., ’0025, the time necessary for a complete circulation in the hypothetical case 

above would be about 15 seconds. 

The time obtained by such a calculation represents in reality the average time for 

all the numerous possible paths. Of the various paths open for the blood to take 

after leaving the heart, those in the course of which only two capillary regions are 

interposed will practically take about the same time to traverse, the velocity in 

the arteries and veins being such that mere distance from the heart will add but 

little to the time required. For that large quantity of blood which, sent out from the 

left ventricle, returns to it again only after having passed through three capillary 

regions, the time required for circulation will naturally be greatly increased. Hence 

the average time for all the different paths should be somewhat greater than the 

time found necessary by Vierordt for the jugular-femoral path, as is the case with the 

time obtained by our calculation ; certainly not less, as would follow if Volkmann’s 

ratio were correct. 

Another consideration which influences us in supposing that the maximum outflow 

at each systole from the isolated heart is about the normal outflow during life, is 

based on tire pressure in the left auricle. 

As far as we know, no one has ever determined the pressure in the left auricle 

during life without opening the thorax, but it is fair to suppose that it is as great 

as that in the right auricle. The maximum pressure in the right auricle of the 

Dog, according to an experiment of Goltz and Gaule (5), is about 19'6 millims. of 

mercury. We determined in one of our isolated hearts the pressure in the left auricle 

(in a way described in Section III.) for each different venous pressure used on 

the right side. According to this experiment the mean pressure in the left auricle 

when the feeding-flask stood at a height of 60 centims. above the right auricle, was 

only 16 millims. of mercury, the maximum pressure 20 millims., and consequently 

no greater than that which it is probable exists during life. Our maximum out¬ 

flow was obtained in all cases either at or below a venous pressure on the right 

side of 60 centims. 

The mean ratio of the weight of blood thrown out at each systole to the body 

weight, obtained by Yolkmann for the Dog, is -0027, or about twice the ratio 

obtained from our experiments. That there could have been an error of such 

magnitude in the method employed by us does not seem at all possible, and when 

we consider, on the one hand, the very uncertain data upon which Volkmann’s 

results are based and the complexity of the disturbing conditions, and, on the other 

hand, the comparative simplicity and directness of the method we have used, its 

freedom from sources of error, and the agreement of different experiments, we are 
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justified, we think, in claiming that our results, at least as far as the Dog is concerned, 

come nearer to the truth than do those of Volkmann or of Vierordt. 

Any inference from the results obtained for the Dogf to the heart of Man will 

in the present condition of our knowledge be more or less uncertain. Yierordt 

concludes, though upon no very firm grounds, that the weight of blood sent out 

from the ventricle at each systole in different animals is nearly proportional to 

the body weight. Volkmann also takes the same ratio as holding good for 

different Mammals. 

If the ratio found by us for the Dog can be applied directly to Man it will support 

the results of Fick’s experiments. 

There is one fact, however, which it seems to us makes such an inference 

inadmissible, and that is the difference in pulse-rate between the heart of the Dog and 

the heart of Man : the average pulse-rate for Man is about 72 per minute, the 

average pulse-rate for the Dog about 120 per minute. Ought not this to make 

a difference in the amount of blood thrown out at each systole \ 

If the supposition is true that the ventricle in the Dog, and presumably in Man 

also, is distended during each diastole to about its maximum capacity, it would 

seem that variations in pulse-rate should have but little influence upon the quantity 

of blood ejected at each systole. From our experiments on the influence of pulse- 

rate on the outflow from the Dog’s heart (see Section IV.), even when a pressure 

was used that gave at the ordinary temperature at which the blood was kept the 

maximum outflow, or very nearly the maximum outflow at each beat, it was found 

that slowing the pulse-rate increases very considerably the outflow at each beat. 

It is true that this may have been owing to the fact that the method used for slowing 

the pulse-rate, viz., by running cold blood through the heart, may have caused more 

or less change in the elastic properties of the ventricular walls. The whole question 

is one that rests as yet, as far as our experiments are concerned at least, upon 

suppositions that lack experimental confirmation. We hope ultimately, after carrying 

out similar experiments upon other animals, to be in a better condition to speak on 

the subject. 

II. 

Influence of variations of arterial 'pressure upon the ivorlc clone by the heart. 

In the experiments made upon this point the venous pressure was kept constant at 

15 or 20 centims. of defibrinated Calf’s blood (117 to 15’6 millims. of mercury); the 

arterial pressure was varied by simply raising or lowering the end S of the outflow 

tube t, (Plate 7). That variations of arterial pressure have no direct effect on the 

pulse-rate of the isolated Dog’s heart has been clearly proved by Professor Martin’s 

experiments. It would have been preferable, perhaps, to have kept the venous 

U 2 
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pressure at the height at which the maximum outflow from the left ventricle was 

obtained, since in this case we believe that the left ventricle works under conditions 

most closely resembling those to which it is subject during life ; but owing to the 

rapidity with which our flasks were emptied at these high pressures, and other 

mechanical difficulties, this was not attempted. 

The heart was allowed to work for a short time, from one to two minutes, at each 

given arterial pressure before an observation was made. 

We give below two examples of the results obtained; several other experiments 

were made, but the two given were those in which the heart and lungs were in the 

best condition, and the pulse-rate remained very nearly constant. 

The work done in gramme-meters at each systole of the left ventricle at various 

arterial pressures is given in the last column, and was calculated by multiplying 

the amount of blood thrown out at each systole into the height to which it was 

r raised, making of course the necessary corrections for the specific gravity of the 

H S AH S 
blood used. The formula which we employed is W=A.s.jqqq • 100O ’ *n W^'LC^ ^ 

represents the work done, A the quantity in cubic centimetres thrown out from the 

ventricle at each systole, H the arterial pressure in millimetres of mercury, S the 

specific gravity of mercury, and s the specific gravity of the blood. 

The arterial pressure was measured in the carotid, and is no doubt a little less than 

that at the root of the aorta. 

In both the experiments given the observations upon arterial pressure were made 

after a series of observations at different venous pressures had been taken, the results 

of which are given in detail in Section III. under the same dates. 

Table showing the effect of variations of arterial pressure on the work done by 

the heart. 

April 13, 1882.—Weight of Dog, 8125 grms. Weight of heart, 92 grins. 

Observations. Time, f.m. 

Temp. C. 
in superior 

cava. 

Beats in 
30 seconds. 

Arterial 
pressure in 

carotid. 
Millims. of 

mercury. 

Venous 
pressure in 

superior cava. 
Oentims. of 

blood. 

Outflow in 
30 seconds. 

Cub. centims. 

Outflow in 
1 beat. 

Cub. centims. 

Work done 
at each 

systole of 
the left 

ventricle 
in gramme- 

metres. 

h. m. 

1 2 14 3575 83-5 112 20 375 4-49 6-78 
2 2 16 35-25 78-5 88 20 360 4-58 5 "45 
3 2 19 36 + 80 62 20 379 4'74 3-97 
4 2 21 36 + 81-5 92 20 367 4-50 5"59 
5 2 24 36 + 82 120 20 367 4-48 7-25 
6 2 26 36-5 82 142 20 355 433 8-30 

7 
_• 

2 28 36-5 82 108 20 357 4-35 6-34 
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May 2, 1882.—Weight of Dog, 8610 grms. Weight of heart, 76 grms. 

Observations. Time, p m. 

Temp. C. 
in superior 

cava. 

Beats in 
30 seconds. 

Arterial 
pressure in 

carotid. 
Millims. of 
mercury. 

Venous 
pressure in 

superior cava. 
Centims. of 

blood. 

Outflow in 
30 seconds. 

Cub. centims. 

Outflow in 
1 beat. 

Cub. centims. 

Work done 
at each 

systole of 
the left 

ventricle 
in gramme- 

metres. 

1 
h. 
3 

m. 
46 34° 5 82 120 20 385 4-69 7'59 

2 3 48 3525 83 84 20 375 4-52 5-13 
3 3 49 35 + 83-5 58 20 360 431 3-40 
4 3 51 34-5 82 107 20 372 4‘54 6-56 
5 3 53 35 79-5 138 20 345 4-34 8-09 
6 3 55 35 82 147 20 365 4-45 8-82 
7 3 56 35- 81-5 136 20 361 4-43 8-13 
8 3 57 3475 8T5 62 20 350 4-29 3-59 

It is seen from the tables that variations of arterial pressure from 58 to 147 millims. 

of mercury have practically no effect •whatever on the quantity of blood sent out from the 

ventricle at each systole. The small differences that appear easily come within the 

limits of error. The methods of catching the blood is one that will unavoidably 

introduce small errors. Another source of error is connected apparently with the use 

of Calf’s blood. After the heart had been working in the case for some time, it was 

almost always found that the pericardium was tightly filled with exuded serum, 

preventing complete distension of the ventricle during diastole, and consequently 

diminishing the outflow—in such cases by cutting a slit in the pericardium the out¬ 

flow would immediately increase. 

The observations given in the table were all taken before this filling of the 

pericardium had become sufficiently advanced to cause any important error ; in later 

observations in the course of the same experiments its influence was very marked. 

The figures as they stand, however, show clearly, as we have said, that, within the 

limits given, variations of arterial pressure have no direct effect on the amount of 

blood thrown out from the left ventricle. For how much wider limits than those 

indicated this statement may be true, we cannot yet say. It is also clear that, as 

Professor Martin had already proved (10), the pulse-rate remains unchanged. Since 

now the work done by the contraction of the ventricle depends on two factors, viz., 

the amount pumped out at each systole, and the height to which this amount is 

raised, and one of these factors remains practically constant, it follows that the 

work done by the left ventricle of the Dogs heart varies directly as the arterial 

pressure against which it works within the limits named above. 

Blasius (6), in his experiments on the isolated Frog’s heart, found that the work 

of each single beat increased for a time with increase in arterial pressure, but that, 

nevertheless, “ die Intensitat des Wachsthums mit nur wenigen Ausnahmen allmahlich 

abnimmt. ” 
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By the investigations of Weber, Heidenhain, Fick, and others, it has been proved 

for ordinary skeletal muscles that the work done in contracting, measured by the 

product of the load into the lift, increases up to a certain limit with the load to be 

raised. The increase in work, however, is not proportional to the increase of load, 

since as a general rule the lift is diminished as the load is increased, except, perhaps, 

for minimal weights. If, now, aortic pressure is taken as the equivalent of the load 

which an ordinary muscle raises when it contracts, the law given above for the work 

of the left ventricle may be expressed in the terms of muscle physiology in this way. 

The work done by the heart muscle when it contracts, measured by the product of the 

weight of blood ejected at each contraction into the height of aortic pressure, not only 

increases with the Joad against which it contracts, but increases in direct proportion to 

the load, within the limits given. It is not probable that this proportional increase of 

work by the heart muscle is owing to any nervous mechanism co-ordinating the discharge 

of energy with the resistance to be overcome. Considering it as a muscle phenomenon 

alone, two explanations suggest themselves. It might be conceived that within the 

limits given, the total energy liberated at each contraction remains constant, and that 

that portion of it which is not used up in external work disappears as heat liberated in 

the heart itself. So that as the arterial pressure increases, making the resistance to be 

overcome greater, a correspondingly greater portion of the energy appears as external 

work, and vice versa. Outside of the ■waste of energy which such a supposition 

involves, the study of the development of heat in a contracting skeletal muscle teaches 

us that for it, at least, there is no such inverse proportion between the amount of heat 

liberated and of external work done in a muscle contracting under different loads. The 

curves of heat development and of mechanical work, on the contrary, follow a somewhat 

similar course. An explanation more in accordance with what is known of the 

physiology of ordinary muscle is found in the supposition that as the load increases a 

greater amount of energy is liberated, in consequence of some change in the molecular 

state of the ventricular muscle associated with increased tension at the commencement 

and during the early stages of its contraction. This is the supposition adopted for 

ordinary muscle ; as Foster states it, “the tension of the muscular fibre increases the 

facility with which the explosive changes resulting in a contraction take place ” (Physiol., 

1883, p. 88). The difference between the two muscles is that for the heart muscle 

the energy liberated as external work bears a direct proportion to the tension exerted 

by the load, while for ordinary muscle this is not true. The lift of an ordinary 

muscle when contracting is represented, in the case of the heart muscle, by the extent of 

the contraction, measured by the volume of blood ejected. Since within the range of 

arterial pressures given the volume of blood thrown out at each systole remains the 

same, it follows that the extent of the contraction is unchanged. The most probable 

interpretation of this fact is that the contraction in each case is maximal, and 

completely empties the ventricular cavity; a conclusion which is in accordance with 

the work of Bowditch, Kronecker, and others on the isolated Frog’s heart. 
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A curve of work constructed upon the arterial pressures as abscissas, and the work 

done at each beat of the ventricle under these pressures as ordinates, would, within the 

limits for which we have investigated it, be a straight line. Owing to the sources of 

error which we have enumerated above, the results were not sufficiently accurate to 

construct such a curve. 

III. 

Influence of venous pressure on the work done by the heart. 

In our experiments on the maximum outflow from the ventricles at each systole the 

venous pressure was varied, as stated, from 10 centims. to GO or 70 centims. The 

complete tables of four of the experiments are given below. 

In accordance wdth the results of Professor Martin’s previous work, it was found 

that variations of venous pressure from 10 centims. to even as high as 70 centims. 

have no direct effect on the pulse-rate. 

It was not possible to keep the arterial pressure constant, since at the higher venous 

pressures the left ventricle pumped out much more blood at each systole, and the 

increased outflow caused an increased tension in the outflow tubes and the roots of 

the great arteries still connected with the left ventricle. Since, however, as we have 

seen, the amount of outflow is not affected by the arterial pressure within the limits 

occurring in the experiments, we have sought to eliminate the influence of the 

variations in arterial pressure on the work done, by calculating the work for 100 

millims. arterial pressure in all cases, and placing the results in the column to the 

right of those calculated from the arterial pressures recorded ; in this way a clearer 

idea of the influence of venous pressure alone on the work done by the heart is 

obtained—the same thing is shown, of course, in the column giving the outflows at 

each beat. 
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Table showing the effect of variations of venous pressure on the work done by the 

heart. 

April 4, 1882.—AVeight of Dog, 5891 grms. Weight of heart, 5T5 grms. 

Work done at each 
systole of the left 

ventricle, in gramme 

Venous metres. 

Arterial pressure in Outflow in Outflow in 
Observa- Temp. C. Beats in pressure in superior 30 seconds. 1 beat. 

tions. Time. in superior 30 seconds. carotid. cava. Cub. Cub. With With 
cava. Miilims. of Centims. of centims. centims. arterial arterial 

mercury. blood. pressure pressure 
actually = 100 
observed. miilims. 

1 
h. 

2 
IB. 

56 
o 

38 116-5 88 10 255 2-19 2-60 2-96 
2 2 58 38 + 120 92 15 333 2-77 3-44 3-74 
3 2 59 38 120 96 20 404 3-37 4-37 4-55 
4 3 00 38 + 120 100 25 489 4-08 5-50 5 50 
5 3 01 38 116 106 30 582 5-02 7-17 6-78 
6 3 03 37 116 no 36-8 629 5-42 8-04 7-32 
7 3 06 113 107 35 610 5-40 7-80 7-29 
8 3 09 36-5 106 88 10 230 2-17 2-58 2-93 
9 3 11 36‘5 105-5 92 15 299 2-83 3-51 3-82 

10 3 12 36 104 100 20 381 3-66 4-93 4-94 
11 3 13 36 103-5 100 25 460 4* 4r4 5-99 5-99 
12 3 15 36 101-5 102 30 506 4-99 6-87 6-74 
13 3 16 36- 101-5 107 35 572 5-63 8-13 7-60 
14 3 17 36- 99-5 109 36-8 576 5-79 8-52 7 82 
15 3 20 35-5 99-75 88 10 175 1-75 2-08 2-36 

April 13, 1882.—Weight of Dog, 8125 grms. Weight of heart, 92 grms. 

Arterial 
Venous 

pressure in Outflow in Outflow in 

Work done at each 
systole of the left 

ventricle, in gramme - 
metres. 

Observa¬ 
tions. Time. 

Temp. C. 
in superior 

cava. 

Beats in 
30 seconds. 

pressure in 
carotid. 

Miilims. of 
mercury. 

superior 
cava. 

Centims. of 
blood. 

30 seconds. 
Cub. 

centims. 

1 beat. 
Cub. 

centims. 
With 

arterial 
pressure 
actually 
observed. 

With 
arterial 
pressure 
= 100 

miilims. 

1 
h. m. 

1 40 36 — 94-5 105 10 220 2-33 3-30 3-15 
2 1 41 36- 89 112 20 400 4-49 6-78 6-06 
3 1 43 36 92 121 30 535 5-81 9-48 7-84 
4 1 44 36- 92 125 35 618 6-71 11-30 9-06 
5 34-5 89-5 129 40 680 7-59 13-21 10-25 
6 34-5 89-5 131 45 690 7-71 13-63 10-41 
7 34-25 86"5 135 50 750 8-67 15-79 11-70 
8 35'75 93 131-5 58 700 7"53 13-35 10-17 
9 35- 93 105 10 202 217 3-08 2-93 
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New series : on same animal. 

Observa¬ 
tions. Time. 

Temp. C. 
in superior 

cava. 

Beats in 
30 seconds. 

Arterial 
pressure in 

carotid. 
Millims. of 
mercury. 

Yenous 
pressure in 

superior 
cava. 

Centims. of 
blood. 

Outflow in 
30 seconds. 

Cub. 
centims. 

Outflow in 
1 beat. 
Cub. 

centims. 

Work done at each 
systole of the left 

ventricle, in gramme- 
metres. 

With 
arterial 
pressure 
actually 
observed. 

With 
arterial 
pressure 
= 100 

millims 

h. m. 

10 1 57 35 87-5 105 10 220 2-51 3-55 3-39 
11 1 58 35 88-25 113 20 375 4-25 6-48 5-74 
12 2 00 34-5 88 120 30 510 5-79 9-36 7-82 
13 2 03 35- 88 126-5 35 (?) 605 6-88 11-74 9-29 
14 2 07 35 85 132-5 50 705 8-29 14-81 1119 
15 2 10 35-25 84 134 58 715 8-51 15-40 11-49 

April 18, 1882.—Weight of Dog, 7725 grms. Weight of heart, 63 grms. 

Arterial 
Yenous 

pressure in Outflow in Outflow in 

Work done at each 
systole of the left 

ventricle, in gramme- 
metres. 

Observa¬ 

tions. Time. 

Temp. C. 
in superior 

cava. 

Beats in 
30 seconds. 

pressure in 
carotid. 

Millims. of 
mercury. 

superior 
cava. 

Centims. of 
blood. 

30 seconds. 
Cub. 

centims. 

1 beat. 
Cub. 

centims. 
With 

arterial 
pressure 
actually 

observed. 

With 
arterial 
pressure 
= 100 

millims. 

1 

h. 

2 

m. 

18 37-5 103 99 10 204 1-98 2-65 2-67 
2 2 19 37 + 97-5 106 20 390 4-00 5-72 5-40 
3 2 21 36 95 116 30 545 5-74 8-99 7-75 
4 2 23 36-25 98-5 126 40 667 6-77 11-51 9-14 
5 2 25 36- 97-5 131 45 720 7-38 13-05 9-96 
6 2 27 37- 103 133 50 755 7-33 13-16 9-90 
7 2 29 36 + 102-5 136 55 781 7-62 13-98 10-29 
8 2 32 36 + 103 143 60 841 8-16 15-75 11-02 

9 2 34 36 103-5 142 65 850 8-21 15-73 1108 
10 2 38 37 103 143 70 850 8-25 15-91 11-14 
11 2 41 36-5 99 99 10 150 1-51 2-01 2-04 

MDCCCLXXXIV X 
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May 2, 1882.—Weight of Dog, 8610 grins. Weight of heart, 76 grins. 

Arterial 
Venous 

pressure in Outflow in Outflow in 

Work done at each, 
systole of the left 

ventricle, in gramme- 
metres. 

Observa¬ 
tions. Time. 

Temp. C. 
in superior 

cava. 

Beats in 
30 seconds. 

pressure in 
carotid. 

Millims. of 
mercury. 

superior 
cava. 

Centims. of 
blood. 

30 seconds. 
Cub. 

centims. 

1 beat. 
Cub. 

centims. 
With 

arterial 
pressure 
actually 
observed. 

With 
arterial 
pressure 
= 100 

millims. 

1 

h. m. 

3 19 37° 75 95-5 113 10 240 2-51 3-82 3-39 
2 3 21 37 93 121 20 473 5-08 8-29 6-86 
3 3 23 37-5 96 126 30 617 6-42 10-91 8-67 
4 3 27 37- 93-5 134 40 780 8-34 15-08 11-26 
5 3 30 36 + 91'5 135 50 861 9-40 17-12 12-69 
6 3 33 35-5 89-5 138 60 982 10-97 20-43 14-81 
7 3 36 36- 87 140 65 940 10-80 20-40 14-58 
8 3 40 35 + 87 140 70 940 10-80 20-40 14-58 
9 3 43 35 84 112 10 200 2-38 3-60 3-21 

The great effect which increase of venous pressure and the attendant increase in the 

blood-flow have upon the total outflow from the left side of the heart, is shown in a 

striking manner by the preceding tables. From the numbers in the last column it is 

seen that the work done by the left ventricle at each systole increases ivith the venous 

pressure, but not proportionally, up to the point of maximum work. 

One must be certain in such experiments that at each venous pressure used the 

quantity of blood sent into the heart is greater than that which is pumped out; in all 

cases the possible quantity of blood which could flow into the right side of the heart 

from the flasks at the different pressures was determined beforehand, and found to 

exceed the actual quantities thrown out from the left side in any given time. 

The maximum pressure in the right auricle of the Dog during life is, according to 

Goltz and Gaule, 19'6 millims. of mercury. The pressure to which the right auricle 

was exposed in our experiments before the maximum outflow was obtained, varied 

from 27‘2 millims. to about 46 millims. of mercury. Such pressures place the right 

side of the heart under conditions different from those which exist during life. 

However the right side of the heart was affected by these high pressures, the left 

side, with which we are more immediately concerned was, as will be shown below, 

under pressures which in all probability kept within the limits of pressures to which it 

is exposed during life. 

It is certain that the most direct factor influencing the quantity of blood sent out 

from the ventricle, and hence the work done by the ventricle, is the intra-ventricular 

pressure by which the ventricle is distended during diastole. Leaving out the 

aspiratory action of the thorax, the intra-ventricular pressure during life must 

be mainly owing to the action of the auricle, since the pressure in the great veins 
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emptying into the auricle probably never rises to any important positive value ; indeed, 

according to the experiments of Ludwig, Volkmann, Weyrich, and others, has 

always a mean negative value. The contraction of the auricles, then, must have the 

most important and direct effect upon the work done by the ventricles, and we are 

able to confirm for the Mammalian heart the statement made by Roy (8) for the 

Frog’s heart, viz., “ The work of the heart in the living animal is governed chiefly by 

the auricles, the ventricle influencing the amount of work done only indirectly.” 

In calculating the work done by the left ventricle, we have made no allowance for 

the venous pressure by which the left ventricle was distended. 

A part only, though the much greater part, of the work done at each beat of the 

ventricle, as given in the tables, is owfing to the active contraction of the ventricle 

itself, the other part is proportional to the pressure by which the ventricle is distended, 

and is owing to the elastic reaction of its walls. 

With a desire to learn how great a correction must be made for this factor, as well 

as to find out the maximum pressure in the left auricle with the highest venous 

pressure used, we endeavoured to use upon our hearts the device employed by 

Waller (9) upon Rabbits for ascertaining pressure in the left auricle. 

After the heart was in the warm chamber and going well, the pericardium was slit 

open, the tip of the left auricular appendage seized with a pair of forceps, and gently 

pulled into view ; the appendage was then clamped lower down with a weak clamp 

made especially for the purpose, a slit cut in its walls, and a cannula filled with salt 

solution 0'6 per cent, and connected by a piece of lead tubing, also filled with 0 6 per 

cent, salt solution, with a mercury manometer, was introduced into its cavity and 

firmly tied; the clamp was then removed. 

Of three such experiments tried, two failed, the third was so far successful that the 

results obtained from it can be accejited as approximately correct. The beats of the 

auricle were plainly recorded upon the kymograph paper. 

The outflow from the left ventricle at each venous pressure was estimated in the 

usual way, and was about equal to that obtained from Dogs of the same size in the 

experiments which have been given. 

The results obtained are given in the following table. 
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June 2, 1882.—Weight of Dog, 6085 grms. 

Observations. 

Venous pres 
aur 

Centims. of 
blood. 

;ure in right 
icle. 

Millims. of 
mercury 

Pressure in left auricle in 
millims. of mercury. 

1 10 = = 7-8 
Mean. 

8 
Max. 

2 20 = = 15-6 10 
3 30 = = 23-3 12 
4 40 = = 311 13-5 15'5 
5 50 = = 38-9 15 19 
6 60 = = 467 16 20 
7 50 = = 38-9 15 20 
8 40 = = 3L1 14 18 
9 30 = = 23-3 13 16 

10 20 = = 15-6 10 12-5 
11 10 = = 7-8 8 10 

It is seen that the mean intra-auricular pressure of the left heart at the highest 

venous pressure used was only 16 millims. of mercury, which, as we have before said, 

is probably inside the limits which auricular pressure may reach during life, that is, 

if the left auricle is exposed to as great a pressure as the right, and there is no 

reason for supposing that it is not. We did not think it necessary to apply the 

corrections to the tables given of the effect of venous pressure upon the work done 

by the left ventricle, since except for the purpose of constructing a curve of work 

the absolute value of the work done by the contracting ventricle is of no especial 

importance. 

IV. 

Influence of rate of beat on the work done by the heart. 

In endeavouring to arrive at a conclusion as to the average quantity of blood 

thrown out from the ventricle of Man’s heart at each systole upon the basis of the 

results obtained from the Dog, we were led, as has been said, to consider the 

influence of pulse-rate upon this quantity. 

Looking over the literature of the subject as far as it has been accessible to us, 

we find that no definite knowledge has been gained upon this point. Volkmann, 

in discussing the effect of changes of pulse-rate upon the mean velocity, says that 

he can make no definite statement of the relations between the two. By bleeding 

his animals he got a diminished velocity together with an increased pulse-rate, but 

it is evident that from such a method of operating no causal relation can be assumed 

to exist between these two factors. 

By cutting the vagi and thus producing a much more rapid pulse, he found that in some 
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cases this increased pulse-rate was accompanied by a greater velocity, in other cases 

by a smaller velocity of the blood stream. 

Vierordt found with reference to the relation between pulse-rate and what he 

calls the “greatness of the systole,” i.e., the quantity of blood thrown out at each 

systole, that sometimes, perhaps in most cases, a diminished pulse was accompanied 

by an increase in the greatness of the systole, while on the other hand cases were 

observed in which the reverse happened. The relative greatness of the systole was 

determined from the number of beats which occurred in the time necessary for the 

completion of a circulation. 

In our experiments we increased or diminished the pulse-rate by raising or lowering 

the temperature of the blood flowing into the heart, using for this purpose the same 

method as that described by Professor Martin (Phil. Trans., 1883, p. 663). 

We give below the records of two experiments. 

In the experiment of May 18 a low venous pressure, 20 centims., was used, and 

besides the thermometer in the inflow tube, another was placed in the left subclavian 

artery, the bulb projecting into the aorta. The temperatures were read from both of 

these thermometers at the end of each observation ; in the table the temperature on 

the arterial side is marked A, that on the venous side V. After observation 18 of 

this experiment, one of the supply flasks unfortunately ran completely empty, 

allowing some air to get into the heart, so that the succeeding observations could not 

be trusted. In the experiment of May 30 a venous pressure was used of such a 

height that, judging from our other experiments, the maximum outflow at each 

systole for the given pulse-rate was obtained. 

In this case a thermometer was not placed in the subclavian artery, since it would 

have interfered to some extent with the flow from the left ventricle, and owing 

to the rapidity with which the flasks were emptied, we were not always able to get 

the temperature of the inflowing blood, nor the times of the observations ; these latter 

however were made at intervals of from one to three minutes. 
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Table showing the influence of the rate of beat on the work done by the heart. 

May 18, 1882.—Weight of Dog, 7005 grms. Weight of heart, 59'5 grms. 

Thermometer in the inflow tube and in the left subclavian artery. 

r 

Observations. 

1 

-2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Time. 

h. m. 

1 30 

1 32 

1 36 

1 39 

1 42 

1 44 

1 46 

1 47 

1 48 

1 51 

1 52 

1 54 

1 57 

1 59 

2 02 

2 04 

2 07 

2 08 

Temp. C. 

/A. 38 + 1 
\Y. 38 + / 
/ A. 38-25 \ 
1V. 38-25/ 

A. 36 + 1 
Y. 36 - / 
A. 34 + 1 
Y. 34 - / 

f A. 33 1 
\Y. 32-25/ 
/A. 31-75 1 
l Y. 31 — / 
/ A. 31 + 1 
1 Y. 30 J 
\ A. 30-5 
1 Y. 29-75 
/ A. 30-25 
l Y. 29-75 

A. 29-5 
Y. 27-75 
A. 28-5 1 
Y.27-5 / 
A. 28-5 
Y.27-5 
A. 27-75 
Y.27 
A. 26-5 
Y. 25 - 
A. 28 
Y.28-5 

f A. 26-5 1 
1 Y.25 - / 

{ 
/ A. 28-751 
\ Y. 29 / 
' .31-751 

.33 / 

.32-5 1 

.33-5 / 

Beats in 
30 seconds. 

Arterial 
pressure. 

Millims. of 
mercury. 

V enous 
pressure. 

Centims. of 
blood. 

Outflow in 
30 seconds. 

Cub. centims. 

Outflow in 
1 beat. 

Cub. centims. 

114 100 20 325 2-85 

113-5 100 20 315 2-78 

101 100 20 283 2-80 

90-5 100 20 275 3-04 

79 98 20 260 3-29 

70 98 20 250 357 

66-5 97 20 240 3-61 

62-25 97 20 220 3-53 

60-5 97 20 208 3-44 

55-75 96 20 208 3-73 

49-5 96 20 200 4-04 

49-75 96 20 193 3-88 

43-5 94 (?) 20 185 4-25 

38-5 90 (?) 20 180 4-68 

44 95 20 184 4-18 

47 96 20 192 4-09 

64-5 96 20 230 3-56 

70'75 97 20 255 3-60 
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May 30, 1882.—Weight of Dog, 9555 grms. Weight of heart, 81‘5 grms. 

Thermometer in the inflow tube. 

Observations. Temp. C. 
Beats in 

30 seconds. 

Arterial 
pressure. 

Millims. of 
mercury. 

Venous 
pressure. 

Centims. of 
blood. 

Outflow in 
30 seconds. 

Cub. centims. 

Outflow in 
1 beat. 

Cub. centims. 

1 37 98 121 59 905 9-23 
2 37- 102 124 59 950 9-31 
3 34-25 88 123 59 875 994 
4 34- 80-5 122 59 830 10-31 
5 30 + 65 123-5 59 780 12-00 
6 49-5 121 59 670 13-53 
7 45-75 122 59 670 14-64 
8 26-25 35-75 116-5 59 583 16-30 
9 32-75 116-5 59 525 16-03 

10 36-5 116-5 59 590 16-16 
11 46 118 59 643 13-98 
12 56-25 119 59 663 11-79 
13 35- 68 120-5 59 710 10-44 
14 37 78-5 120 59 730 9-30 

From a consideration of these tables there can be no doubt of the general fact that 

a diminution of pulse-rate, brought about by lowering the temperature of the blood 

flowing into the heart, causes an increase in the quantity of blood thrown out from the 

ventricle at each systole, and consequently an increase in the work done at each systole ; 

and vice versd. 

The changes in the outflow from the ventricle at each systole are not, however, 

inversely proportional to the changes in the pulse-rate, so that the total outflow, 

and, therefore, the total work during any given period of time, decreases with a 

diminished pulse-rate, and increases with an increased pulse-rate. 

Whether any definite relation, beyond the general one given above, can be 

established between the pulse-rate and the outflow at each systole, we are not as yet 

prepared to say ; a consideration of this and of some other interesting points which 

suggest themselves in this connexion must be left for a future paper. 

In conclusion, we desire to express our most earnest thanks to Professor Martin 

for the aid and encouragement which he has given us during the progress of this 

work. We are indebted to him not only for many valuable suggestions in the earlier 

part of the investigation, when success seemed doubtful, but also for personal 

assistance which he has sometimes kindly given. The Plate representing the apparatus 

employed is that which was published with his paper, and it is here reproduced for 

the convenience of the reader. 
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The following pages form a continuation of some researches commenced about 

three years ago, but which the author was compelled by other engagements to lay 

aside until the beginning of the present year. The general theory of the functions 

employed was published in the Transactions of this Society (Part III., 1881), under 

the title of “ Toroidal Functions.” These and analogous functions are employed in the 

present communication, and references in square brackets, with the letters T.F., refer 

to this paper. Since it was written I have found that Carl Neumann had already 

given the general transformation [T.F. §1] by means of conjugate functions, in a 

MDCCCLXXXIV. Y 



162 MR. W. M. HICKS OK THE STEADY MOTION AND 

pamphlet published at Halle in 1864, with the title ‘ Theorie der Elektricitats- und 

Warme-Vertheilung in einem Hinge.’ 

The theory of the motion of vortices is interesting, not only from the mathematical 

difficulties encountered in its treatment, but also from its connexion with Sir W. 

Thomson’s theory of the vortex atom constitution of matter. In an abstract of the 

present paper intended for the Proceedings of this Society, I have given some physical 

speculations which induced me to take up the question of the motion of a hollow 

vortex—that is, where cyclic motion exists in a fluid without the presence of any 

actual rotational filaments—in which case there must be a ring-shaped hollow in 

the fluid, however great the pressure may be, so long as it is finite. The essential 

quality of all vortex motion is the cyclic motion existing in the fluid outside the 

filament, and not the rotational motion of the filament itself. Whether the filament 

be present or not, it is often possible to get some general idea of the motion that 

ensues in many cases without recourse to actual calculation. Thus, for instance, the 

treatment by Sir W. Thomson of the action of two vortices on one another,'" and of 

the form of the axis of a ring, along which waves of displacement are running,! may 

be cited. The same course of general reasoning, which was applied in a paper on the 

steady motion of two cylinders in a fluid,J will also apply to illustrate the mechanism, 

so to speak, which causes a single vortex ring to move with a motion of translation. 

Thus suppose a single vortex ring, which is for a moment at rest. It is clear that the 

velocity of the fluid just inside the aperture is greater than outside, and therefore 

the pressure less inside than outside, whilst the pressure is the same at corresponding- 

points in the front and hinder portions. The consequence of this is that the ring 

begins to contract without a general motion of translation. But the effect of this 

contraction of aperture itself produces velocities in the surrounding fluid, which, com¬ 

bined with the cyclic motion, increase the velocities in front of the ring, and decrease 

them behind. The consequence of this is a difference of pressures, which urges the 

ring in the direction of the cyclic motion through the ring, and it begins to move 

forward with increasing velocity. After a time this translatory motion would increase 

so much as to make the velocity within the aperture approach to that without; the 

state of motion will therefore be one in which the translatory velocity tends continually 

to a limit. 

The present communication is divided into three sections. In the first, new 

functions are introduced to give the stream lines. These functions are connected 

with, and have analogous properties to, the Toroidal Functions; are, in fact, given by 

B = Sc/P/dA and T= — SdQ/du. They have the property of being single-valued, even 

when they represent cyclic motion—a motion wdiich the single-valued Toroidal 

Functions cannot by themselves represent. At the end of the section the values of 

* “ Yortex Motion,” Trans. Roy. Soc. Edin., xxv. 

f “Yortex Statics,” Proc. Roy. Soc. Edin., ix. 
t Quart. Jour. Math., xvii. 
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the first few terms in the expansions of the first four orders of P, Q, R, T, are given. 

Section II. is devoted to the consideration of the motion of a rigid ring in fluid, when 

it moves parallel to its straight axis. The functions for the motion apply directly to 

the case considered afterwards of the vortex. The points of division of the stream, 

the quantity of fluid carried forward, and the energy of the motion are considered. 

In Section III. the problem of the steady motion of a hollow vortex is treated, 

together with the small vibrations when the hollow is fluted, and when it pulsates. 

The section of a ring is throughout considered as small compared with the aperture, 

and the expressions giving the form of the hollow, the surface velocity, velocity of 

translation and energy, are carried to a second approximation, the quantity by which 

the approximation proceeds being the ratio r/{R+v/(R2—r2)}=k where r, Pt — r 

denote the radii of the mean section and aperture respectively ; when the ring is very 

small, this is very approximately r/2R. The condition that the hollow must be a free 

surface over which the pressure is constant gives a relation which R, r must always 

satisfy, which for very small rings reduces to the constancy of the radius of the hollow. 

For a solid ring the corresponding condition is, of course, the constancy of volume. 

This makes an essential difference between the two theories. To a second approxi¬ 

mation the velocity of translation is unaltered, and is given by”' 

whilst to the second approximation the surface velocity, relative to the hollow itself, is 

U=4^{l-i(log|+5)F} 

where a is the radius of the “critical” circle—or the length of a tangent from the 

centre to the ring, and is therefore equal to R for small rings—and /x is the cyclic 

constant. 

In the steady motion considered, the fluid carried forward with the ring forms a 

single mass, without aperture even for extremely small tores, though not for infinitely 

small ones. For values of R/r>102 there will be no aperture, whilst for less values 

the fluid carried forward will be ring-shaped. To a first approximation the energy due 

to the cyclic motion is the most important, and is the same as for a rigid ring at rest 

of the same size. It does not depend on the velocity of translation, except in so far 

as this determines the size of the aperture ; as entering in this way the principal term 

varies inversely as the velocity of translation, and thus increases with diminished 

* [April, 1884.—Owing to an error in § 3, tlie values given in the Proceedings require correction.] 
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translatory motion, a result obtained by Sir W. Thomson'" from general reasoning. 

The terms obtained by the second approximation arise from the translatory motion. 

In Art. 13 the time of vibration of the steady form is obtained, when the cross 

section is crimped, or the whole hollow surface fluted. For this mode the time 

of vibration is, for small rings, given very approximately by pd/(2p^/n), cl being the 

density, and p the pressure of the fluid at a great distance, whilst n is the number of 

crimpings in a section. This, it is to be noted, is independent of the energy, and 

depends only on constants of the ring, and the fluid, and the mode of vibration. If 

the hollow pulsates, or changes its volume periodically, the time of pulsation is 

{pd/2p>)y (log ijk). As k depends on the size of the ring, and therefore on the energy, 

this time is not independent of the latter, but it varies extremely slowly with it. 

The times here given must be understood to apply to the steady motion; when the 

ring is changing its size they must be modified. The investigation of this case, and 

of that in which there is a core of denser matter than the surrounding fluid, I hope 

shortly to take up. 

Section I.—The functions. 

1. The functions whose properties were investigated in my paper on Toroidal 

Functions are only suitable for expressing fluid motions about circular tores when 

there is no cyclic motion through the aperture. It will be necessary therefore to 

investigate some method by which this can be taken into consideration. If we 

consider only motions symmetrical about an axis, and in planes through that axis, it 

is well known that the motion can be represented by Stores’ stream function. This 

function is only multiple valued when there are sources or sinks in the fluid, the cyclic 

constants in this case being the normal flows outwards through surfaces completely 

enclosing the various sources or sinks. If ifj denote the stream function, the velocities 

at any point are given by 

the equation 

—1 and, when the motion is irrotational, xb satisfies 
P oz p op 

b~-p b~p 1 A 

bf+Tf~~P~bp = ( 

To transform this to the independent variables (u.v), where u-\-vi=f(p-\-zi), we 

notice that the kinetic energy of fluid motion within any space, with given normal 

motions over this surface, is a minimum when the motion is irrotational, or the above 

differential equation is satisfied. The condition is therefore found by making 

a minimum. Now 

* “ Yortex Atoms,” Proc. Roy. Soc. Edin., vi., and Pbil. Mag. (4), 34. 
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dzdp — dudv=-7j-N3 dudv 
r d(u.v) duV 

\dn) 

Therefore the expression to be made a minimum is 

whence 

In this put 

A/I I A/I H\_n 
bu\p bu) bv\p bv 

rP=X\/p 

(i) 

and the equation in x becomes, remembering that 

^+^=0 
bu^bv* 

s X J /W , A°Y 
itt2 tv2 4,p2[\i?{/ / 

= 0 

The particular transformation employed for the Toroidal Functions makes 

M(^)+(^)l=sinh'8“=s"* 
whence 

o 
bu*^bv* 4S2* 

Put y=S~*R„ cos (nv+a), where R„ is a function of u only; then R;i must satisfy 

d2R C dR , 2 nT) 
TV-a V-(« —i)R=0 did S du ' 4 

which may be compared with the equation for Toroidal Functions, viz., 

rf2P,CrfP , 3 lvp _ 
«+s !-Dp=° 

It is easy to see that the equation in R is satisfied by 
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r 

We will clioose the constants so that the two integrals are 

also 

_4u2 —1 

du 8 n 

g dQ_4:7V1 — 1 

du 871 

(P«+i P«-i) 

(Q«—1 Q«+i) 

1 
I 
1* 

±)SP„ 
dT„ 

du 
(n*-i) SQ 

(2) 

The value of xjj is now, putting in the value of p, viz., p=aS/(C—c) 

i/j— aq_c^o (A,3«+ B,ZT„) cos (nv-\-a) 

and clearly R, T belong to the same spaces as P, Q respectively, that is, lit to space 

outside, and T to space inside a tore. 

It is easy now to prove from the value of Q„, viz., 

v^dv 
that 

T*=—:^/c\0 cos nv^/(C—c)dv.(3) 

The R, T are all positive, except R0. 

2. Cyclic constant.—The cyclic constant of xjj is the flow along any closed curve 

threading the tore once. We know that this must be independent of the form of the 

curve. To find it, choose the curve to be u=u a constant; the flow along this is 

then 
f2ir I b4r du dn 7 [2n 1 b4r 7 

Jo pl>udndv€ t' = Jo p^uCV 

the velocity in the aperture being in the positive direction. Consider first the 

general term in R,*; the flow due to this is 

A„f2* 

«S 
cos nvdv 

2v/(C -c) 

=^£{(»a-i)Sp,v/(C- cos v) cos 
C) 

dv 

— _^x P —“R 0 
_ a 2 n u 2 

AhN/ 2, d Q d P, 

die 
= ^S(p,^-Q,,^) = -;V2A,. [T.F. 3i.fi 

1 
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which is independent of u as it ought to be. The corresponding terms in sin nv 

evidently disappear. Similarly the terms in Tn would produce 

Hence the cyclic constant is 
7T\/2 

a 
So A n (4) 

3. In the paper on Toroidal Functions several examples were given of the deter¬ 

mination of the potential function (f> when <£ is given over a tore; but when the 

variation of <£ along the normal to the surface is given, the determination of the 

co-efficients becomes more difficult, and one case only, for the motion of a tore 

perpendicular to its plane, was given. It will be wrell, therefore, to consider here 

the general theory for this class of surface conditions. The co-efficients are to be 

determined from the fact that <f> is (1) finite in the space considered, and at infinity, 

and (2) d(f)/dn has a given value over the surface of a tore u. Here I consider only 

the case where the motion is symmetrical about the axis, and therefore the normal 

velocity given by a function of v only, say f(v). Condition (l) is satisfied by space 

outside the tore by taking only functions P„. We put then 

<£= ^/(C — c)20(A„ cos nv-\- B„ sin nv)P„ 

and determine Ait, B„ from the equation 

/(*)=- 
b(f> du 

bu dn 

when u—u', for all values of v. 

Consider separately the terms in cos nv and sin nv. For the cosines we have 

b(f) 

bu 2y/ (C 

For shortness write — = P'. Then 

^0AW jsP,t+2(C—c)^|cos nv 

b(f> 1 

bu 2^/(0—c) 

But 

Therefore 

du 

[(SP0+2CP/0)A0-A1P'1-A0P'0cos v* + {(SP„+2CP'„)A;1 

—An+jP'^+j—An_J?'n_x} cos nv] 

SP„+2CP/„=P'W+1+P;_1 [T.F., p. 646] 

SP0+2CP'0=2F1 

bu ■ 2x/(Q-C)[(2Aq “ Ai)p/i ~ A0P'0cos?;+{(A„—A*+1)P'*+i — (A*_j — A^P'*^} cos nv] 

* [April, 1884.—This term was omitted in the paper as read. It has necessitated slight alterations 
in some of the results then given.] 
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and 
du C—c 

dn a 

Hence the A have to be determined from 

2 a 
f{y)—— (2A0—A^P^+AqP'oCOSv—^{(A* — A„+1)P'„+1 — (A,,^ — AJP'^jcosm; 

(c-cy 

Suppose now 

f(v) = 
C-cV 

a.m cos mv 

Then, writing for the present (A„—A,l_1)P/w_1P'„=a?w 

xn+j—ar* = 0 | n>m 

.... =0 

Hence for 

and 

or 

Therefore 

whence 

ry> __ ryi -- yJ - /q -L i) 

xn+1—xn = 0~1 n<m 

x%——|— AqP'qP'j=0 

= 0 J where aJ0=A0P'0P'1 

!> 

n>m-\-1 xn =xm+1 

n<m xm=xn=0 

_2a«mp, 
Xm+ 1- 

*„=^"P', . (»>m) 

x„=0 (n<m) 

A.-A -i=^pTj^ (»>»») 

A„—A^_!=0 (n<m> 1) 

A„=A„,+^T'J" -A” («>m) 
V r=m+l -V ) A r—i 

A„=A1=2AC (n<m) 
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or 

— 2A0-f 
2 ctctm 

"VS 
p' v 
-L m *4 

r=m+1 P' P' i r-L j—i 
(n > m) 

A„=2A0 (n<m) 

The co-efficients are now determined to the extent of one arbitrary constant. This 

appears because 4> is also indeterminate to the extent of an additive constant. As 

this constant is expansible in a series of the form \/{Q—c)%Kn cos nv, it introduces 

the undetermined constant A0 above, which must be determined by the condition that 

the series must be convergent. This cannot be unless Aoo=0, which requires 

An 
aamV' °° 

■v/s m+1p;.p/)..1 

whence 

* _ 2<xocmP m 1 

A„= 

x/S ^+1PVP/r_1 

2<X0CmP'„, 00 1 - ni ^ 

v/S ^+1P,,Pb_1 

(n>m) 

(n<m) 

. . . (5) 

So also the terms in sin nv will give 

2 a 

(C-c) 
*/W=“S1{(B,~ B„+1)F (B*_!—sin nv 

C-cA 
and the particular case f(v) = [ —) (3m sin mv produces the same equations as before, 

except that the last is 

whence 

x2—£^=0 where £C1=B1P/0P,1 

B.=BlPVP'A -n_+^p',£+1 —L- (»>m) 
r rr V ° r rx r-1 

—BXP 0P 1S1 p, p, (n<m) 
x r± r-i 

and the condition of convergency determines B1; so that 

MDCCCLXXXIV. Z 
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HI 

2a/3mV'mtlF^7Z[ » _1 

' 1 ‘^+1FrF,_1 
1 KK-j 

V _±_ 
2a/9MP'M Z<1,1+1 P'r?'r-1 Xl_ 1 

-v/s ’ -_1_ ^FX-! 
1 p'.p;-! 

(?i > m) 

r 

(n~m) 

(6) 

It remains to show that with these values of A,„ B;i the series 2A/;P^ and 2B;iP„ are 

convergent. The parts of An, B;, depending on n, when n is large, 

* 
1 

= \t„ 
1 

Now 

*#+I p/ p/ /v^Hlp/ p/ 
-L y-A A r± r_i 

Ph_! P n OP n—\ 1 P?i CP},_| 

P'„ CPM Pa—, C F-P^/C 
[T.F., 12, 13] 

<c since P„>CP«_1 

Hence 

® 1 1 
T~l/ -p/ l+H+^+ • • • ’« + ]p/ p/ ^ p/ p/ 1 I p I p 

A ;X ;._2 A W+^A V_y 

C 1 
< n n_i p> p/ x x ^2+]^x ri 

Therefore 
A,]^ . u. 1 AC P„ 

P„ is ultimately <- 
-t>H| 

f!_i p' p' 

or the series are convergent. 

We are now in a position to determine <£ for any normal motion. All we have to 

do is to expand {S/(C—c)}*f(y) in a series of sines and cosines of multiples of v and 

consider each term as giving rise to a value of c/>, whose form we have just determined, 

and take the sum of the various values. 

A form for bxji/bu analogous to that for b<f>jbu can easily be found. If 

1 

'' WC-c) 

b-yjr 1 

- 2AJEP cos nv 

</R, 
j_S\ (C—c) ^SR„ \ A„ cos nv 

bit (C — cf 

=$ {(2C ~~*) cos nv ~ (cos w +1 ^ + cos n-lv) ~ j Ah 

S 

'2(0-cf 
1 _ V . . (YFj-n . CPt„-i 

du 
-P0P1-tA1P1+^1j(2C^-SB,)A„-A,+1^f-1-Aw_1 

du 
cos nv 
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But 

2C^-'-SH,= K-i){2CSP„-|(P,+1-P„_1)} = K-i)S(P,+1 + P,-1) 

Hence 

^~2(C-~+{-W-I^Pi + iAoPo COS v+Zfi* cos nvj ... (7) 

where 

Bn={(v?—i)A„-(w+l]3—i)A„+1}Pw+1-{(?i—l|s—(nz— 

4. For reference I here insert the values of the first five orders of the functions, 

expressed (a) exact in terms of the elliptic integrals, and (/3) approximate in a series 

of ascending powers of the modulus. Throughout this paper the moduli k, 1c are used 

instead of the kf, k of the paper on Toroidal Functions. It has been thought advisable 

to do this as all the approximations go according to powers of k (the old k'). Hence, 

of course, E, F appear in place of E', F', and vice versd. 

We know that P^=a«E/+/3„F/, Q„=a„(F — E) + /3„F. 

Hence for the first set of formulae we require only to tabulate a„, For the first 

five they are 

a0=0 

cq=2k~“ 

a3=-f(l+P)&-* 

a3=^5-(8 + 7P+8^)^ 

“*=3X7 (6+5^+5**+6^-S. 

A=2i* 

A=° 

3.5.7 
(24P+23&4+24F)7r* 

^ (8) 

a. = ^(128 + 104P+99^+104T;8+128F)7rq #.= ■— (16^+15^+15^ 

+ 16P+ 

These are exact. In the applications which follow 7c will nearly always be a very 

small quantity, so that a few terms of the series will give the values very approxi¬ 

mately. By substituting their values for E, F, E', F' in terms of k, the expressions 

4 
become, writing L for log - 

rb 

P0=2{L+i(L~l)F+/4-(L-f)^+^6-(L-|^+ 

P1=2{l+i(L-i)F+*(L-if)^+i1^(L-t)F+ . . . }Jr* 

P3=«l+Pa+A(L-A)**+M(L-^)*B+ • • • }k~i 

P3=if{l+P3+M^11^(L-M)F+... }k-i \ 

P4=ff{i+^3+M^+^6+ • • • }*-* 

953 
p5=^U+^+^+^6+ ... }*-* 
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Q0=7r{l+iF+^+^6+ • • 

Qi=i7r{i+t^2+M^4+ • • -}^ 
Q,r 

Q3=f(i+^2+ • • .)&f 

Q3=#‘+ ' ' ' 

Qi=o+ . • - 

Q 5=0-f . . . 

(10) 

r 

Ro=-{iL-H-i(L+l)^+rk(L-i)^+5ir(L-|)F+ . . 

E1=i{l-f(L-i)F+A(L+i)^+Tf8(L-23)F+ . . .}^§ 

E2={l-P2-i|(L-|)^+M(L+*)F+ . • .}k-* 

R3=|{1-1F-M^-M(3L-^)P+ . . .}*f* 
H — 8 1 .37.2. .217.4 ,. 1 0 57,6 I \ 7.-f 
-•Aj.—5 l1 4A 64A 256^ “T • • - R J 

(11) 

T0 —^7r(l+i^'+ ^4 ^4+T56:^C+ • • -)^ * 

T1=y(l-i^-A^+ • ■.)» 

T2=]|r(1-P3+ ., -W 

t3=M^«+ ... 

(12) 

Section II.—Motion about a rigid tore which moves perpendicularly to its plane. 

As the motion of a tore throws some light on the analogous problem of the uniform 

translation of a vortex ring, and as the functions required in its discussion will be 

needed in investigating the latter, it will be useful to give a short treatment of the 

question, especially as the motion can be determined for any size of tore, whereas our 

methods, in the case of hollow vortices, will only apply when the cross section of the 

hollow is not large compared with the aperture. The stream function is necessary for 

the cyclic motion, and it will therefore be convenient to take the stream function also 

for the motion of translation. 

5. Stream function for cyclic motion.—If the tore he given by u—u' the conditions 

which xp must satisfy are that it must he finite for space outside the tore, and be con¬ 

stant for all values of v when u—u. Hence xp must be expansible in the form 

l,'=v/(C-c) 
cos nv 
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Let \jjQ be the constant value over the surface of the tore. Then, dashed letters 

denoting the values of the functions on the tore, 

\ AJRL=i//0 ( cos 6) cos nddO 

= V* <b7 Eq. 3) 

but 

Hence 

This is more convergent than 2JT„, and is therefore convergent. 

Let [i denote the cyclic constant, then by (4) 

7rA0B'0= 2\jj0 \/ 2T'0 

^=JYfl3JT'olY 7T\/(C —c) [ °R 
T 'a Rw 

• • (13) 

,22"_A_.L1 
^ R'0+ lR'J • 1 * • • • (14) 

When the section of the tore is small compared with the aperture, the value of /x, 

correct to the fourth power of k, is 

/*=- 
27rvjr. 

^+(1-i(T^>3+<2L-1+A(T^H- • • <15> 

6. Stream f unction for translat ion.—In the preceding case the conditions were that 

\fj must be constant over the tore and finite at an infinite distance from it. In the 

present case i// must be finite at an infinite distance and = ^Yp2 over the surface, Y 

being the velocity of translation, and rft the stream function for the tore moving in the 

fluid, at rest at infinity and referred to its instantaneous position. But if this condi¬ 

tion be applied, we shall also, on account of the cyclosis, obtain besides an added cyclic 

motion through the aperture determined by the surface condition \Jj0= 0. It will be 

necessary to subtract this cyclic motion therefore from the result obtained by applying 

the condition above. This condition gives 

g/2 
£A„B/» cos nv—\(rY . , , 

for all values of v. 

Therefore 
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cos nd 
ijrA„R'„=4a2VS'2f -77^ 

j o — C1 (O' — cos df 
d6 

but 

Hence 

a convergent series. 

= -asvs 7- T 1= de 
du J 0 \/ C— cos 0 

= — a2V \/2S' =«2V ^/2T'n 
du 

7rA0R/0=orV 2T'0 

^=^S){T'o|+2Vr,|cosOT} 

The circulation of this is by (4) 

ZuN'l— 
la^\ R'0 ^R', 

Let the stream function for this be 

2^q\/2 [ rp, Ro _^'n 
7rv/(C-C) j °R'0 2,1 4w2 —1 Rh 

cos nv 

Then 

If then 

[ T 0 00 1 T' 1 / T' co T' 

. ,-5'°+22U-^e^ =2aV -^-22^ 

A = 

T' 00 T' _ 0_n 
p/ -“^1 TTT JX n -K n 

T' 00 1 T' _4lO_i_9'V -1- x« 

R'o ^4»»-lR'. 

The stream function for translation alone is 

aV 2Y 
rv/(C-c) 

Rn A \ rpy R')i 

(! X)T °R'0+2S1 \l+±n*-lJT * RhC0S llV\ ‘ ' ' 

The principal term here is the second, in Ri. To the value of A is 

A=1-4(L-2)F-(2L2-|1L + K^H.(17) 

The value of xp along the tore is 

iV(/-Xa8) 

The stream lines will of course in general be closed curves, having their extremities 

on the surface of the tore; one set going through the aperture, and the other outside. 
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To find the point where the two sets meet on the tore, we notice that the stream line 

there goes to infinity, and its value is the same as for a point on the axis, it is, in fact, 

a part of the same stream line. For this \Jj=0 ; hence the point on the tore, where 

this stream line meets it, is given by the value of v, which satisfies the equation 

(1— X)T0 + 2Sr^l+4?^^^T„ cos nv— 0 

where T„ are the values of T„ when u—u. 

It is clear that when k is very small, cos v must be negative, that is v > \tt, or that 

the point of division must lie inside a tangent from the centre to the tore. 

7. Combined translation and cyclic motion.—The expressions just obtained enable 

us to determine the amount of fluid carried forward bodily with the ring. Let x 

denote the ratio cdV/2xjj0; then the stream function for the combined motion is 

where 

, 2foX/2 ^ R„ 
■',=i7(c^)2A*B',cos nv 

A0— {1 + (1 — } T 0 

Kn~2{O 4?i2-l}T *■ 

This is the stream function when the fluid is at rest at an infinite distance. To 

find the portion carried forward, impress on the whole system a velocity equal and 

opposite to V; the problem then is to determine the portion of fluid which remains 

circulating round the ring at rest, without streaming away. The stream function for 

the new motion is 

The portion remaining with the tore lies inside the surface given by putting y equal 

to a certain constant, which we proceed to determine. 

This portion may either be ring-shaped or not. The limiting case between the two 

is when the velocity at the centre of the tore is zero. The value of x for this case we 

shall call the critical value of x. It is given by 

V= 
1 b\[s du 

_p bit dn U=0,v=n 

_StaK/2 1/ 
7T»a U'“°s| 

=>(-«**-i)& 

V 1 

>'AY+722(->*A>'3-i)^ 

or 
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05= — {1 + (1 — X)a5}~° + 2^( - )*{ (4 nz-1 +\)x— l}^r 
■IX o JX n 

aJ|l + (l_X)|i+2S1(-)*-1(4#-l+X)^} = -|f + 22a(-)-ip> 

The right hand member of this equation is the velocity at the centre due to the 

cyclic motion alone, divided by 2xjj0/a2. Call this velocity Vl5 and denote the critical 

value of by V0, then 

l'= 1 + (1 -X)^?+ ■2S1( 1 +A)b* 
V 0 JX 0 JX« 

The most important terms in these expressions are 

x»=2(^{1+(SL_6-te_h^)/‘':+ 

^' = l + 4^F+ . . . 
vo 

The stream lines will be given by 

\fj—±Yp~= const 

and by choosing the constant properly, we may make this represent the surface of the 

fluid carried forward. To determine the constant we need only find one point on the 

surface by the above method. If the value of x is less than the critical value, the 

siu’face will extend to the axis; in this case the best way will be to put u== 0 and 

find v from the equation 

V= 
1 b\fr du~ 

_p du dn\u={) 

If on the contrary x is greater than x0, the surface is ring-shaped, and it will be 

best to find u from the equation 

”1 b-yfr du 

p du dn 
V= 

V—ir 

If x be negative, or the velocity of translation and the cyclic motion within the 

aperture be in the opposite direction, the corresponding equation will be 

difr du 

du dn _ y=o 

In tabulating corresponding values of u, v and V/V0 the best wray would be to 

insert values of u, v and determine V/V0. The following numbers in the case of 

h— sin 1° were obtained in this way. For the case of x less than the critical value, 

the surface cuts the straight axis at points given in the several cases by v, 
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V 60° 90° 120° 

V 

Y> 
•125 •355 •652 

180° 

1 

For a ring-shaped surface 

u— 2-9662, v= 180, and Y/Y0=1'699 

whilst for a negative translation 

u— 2'9662, v—0, and V/Y0= — ’3708 

are sets of corresponding values. 

8. The energy of the fluid motion.—The energy is given by 

supposing the density of the fluid to be unity. Treating this in a similar way to the 

analogous expression in terms of the velocity potential, and remembering that when¬ 

ever the volume of the surfaces immersed remains constant, as here, is single valued, 

we shall find (by means of equation 1) that 

the integration being extended over any meridian curve of the solid, and dn being 

measured inwards along the normal (i.e., from the fluid). 

In the case, therefore, of circular tores 

byjr bu dn 

bu bn dv 

2,r \fr b\lr 
— dv 

o p bu 

Now we know that for the cyclic motion the energy is cyclic constant X flow 

through the aperture, and, therefore, with our notation is /x X 7t\Jj0. But it will be 

interesting to see how this is also arrived at from the preceding expression. The 

whole energy can be put in the form 

E = (a 2 yyx)\fj02 

we proceed to determine a, ft, y by means of the above formula, 

a. Here along the surface i/;=i/;0 a constant, and, 

MDCCCLXXXIV. 2 A 
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R„ . 4/t2 — 1 
HK=IS{ 
p ow a 2^/CC-c) 1 4 

f—7— P/iV/(C—c) l A,, cos wv 

Therefore 

C^*=!2{-iE»QV2-^rx}A„ 

= -Vss(Q“t-p»f)A" 

= [T.F., 24] 
a L J 

=/* (by4) 

Hence energy = n[xxfjQ, as is right, or 

7T 7T& 
a: 

/W^o 4l/V _iro_|_2^r 
1 T„ 

Rr 4?i2 — 1 R„ 

(3. Here if/ along the tore is (p3—\a2), and denoting the general value of if/ by 

^i+xrjj3 
1 bifr.2 

10 - ■ p 
/3xfj0W=iTX ^ dv 

[2*1 fok. 
Now j - dv is proportional to the flow round the ring due to translation alone, 

0 p 

and is therefore zero. 

Hence 

p= r, (%«•* 
a~Yo J 0 ou 

But 

V(C-c) 

2\fr0\/2 

7T\/(C—C) 

-^|„+as i1 +sb) T'« I 
cos nv 

Therefore 

cos nv (say) 

wi^dv 
a J0 0 —c ou 

Hence by 7 

^=4§wfd(c^)-l-*A»p>-|A‘p‘+iA«p»cos V+S'B-cos nv]dv 

Now 

„ f* cos nvdv 

0*^=1.-^r 
Therefore 
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cos nv 

I o (C—c) 

C* cos nv 

idv- 
2\/2 5QK 

Jo(C-c)5 

O0 f7r cos 
S2 77:—-1 = 

Jo(C-c)5 

S du 

4y/2 5 /I 5Q, 

3S [5m \S c^m 

W2/d?Qn_C 5Q* 

3 \ 5m3 S du 

\/2 f, 2 8C d Qn 
-J-1 (Ira3 — 1 )Q„ — — — 

Hence dropping the dashes, and u denoting the value of u along the tore 

i(A0+tA1)P1(Q0-^T0')+|A0P0('3Q1+^T1')+21B„{(4«a-l)Q„+8|T„ 

Au having the values given above, and the values given in 7. 

y. The value of y is given by 

f2ir ilX! S\[r2 
2y/xx^=^jo 

tt • i i 
Here iio is constant and —0, also 

Jo p OM 

Hence 

#»= iV(/-Xa»)=*V~ W) 
tv 

y=vrpf (p3 —Xa2) l~dv 
' crynJ 0 p 5w oJ0 

Further j — is the flow along a closed curve threading the aperture and is 

therefore the cyclic constant y. Therefore 

7= 
7t\ ^ [ I 

O
 J

 

1 o J 

The last integral may be expressed as in the analogous case for yd. 

Section III.—Steady motion of hollow vortex. 

9. The form of a hollow vortex and its motion are conditioned by the fact that the 

velocity of the fluid relatively to the hollow, when the motion is steady, must be 

constant over the whole surface of the tore. When the section is small compared 

2 A 2 
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with the aperture, the section will clearly be very approximately circular, and to a first 

approximation the motion will be represented by the stream function found in the 

previous section, the value of x therein being chosen so as to make the coefficient of 

cos v in the expression for the velocity disappear. This will give the first term in the 

expression for the velocity of translation of the vortex, when it moves forward 

without change of form. In order to arrive at closer approximations it will be 

necessary to take account of the form of the section, and this is done in the following 

investigation, so far as to get a second approximation, although the method employed 

is capable of being carried further, of course, with more and more complexity in the 

calculations. 

By impressing on the whole fluid a velocity equal and opposite to that of the 

hollow, the hollow is brought to rest, with the fluid streaming past it. The stream 

function in this case becomes 

xb= 
S2 _lr/2V 

2 (C-c)2 1 ttV(C-c) 

2iyov/2 ^ \ 
—tw;-zA,,— cos nv 

K n 
where 

A*=2<|(1 

The values of the first three are 

A0— {1 + (1 — 

A 

4«2 — 1 
x- 

4?i2 — 1 
T' 

A0=j[1+^+^+{4(L-2)F+(2L^-^L + 14)^}^ 

A1=|[{4-i(8L-15)F-(2L2-llL + 17-1\)^}^-(l-P2-614^]^“i !> (19) 

A3=^[{16^-4(L-I)^}a;-(P-^)]ri 

The approximation proceeding according to powers of Jc, each coefficient is one order 

higher than the preceding. 

Let U be the velocity at any point of the hollow. Then, to the first order of small 

quantities, where the section is circular 

U= 
”1 b\fr du "(C-c)2 bf~ 

p bio dn 11=11' a2S bu 

where 
.rS2 

2^0 2(C—c)2 1 ttV(C-c)P°R' 
v/~ ^q^+A^cosv 

The part of U due to the first term is 

Jh_= 
2^0 

x 1—C c 
a2 C—c 
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In finding the second part it will be well for the later approximations to carry iJj a 

term further to include Aa. Then from (7), if U3 be the part of U due to this 

where 

^v/(C-e){Bo+SB„ cos nv} 

P P 
H —_lA b__3A Al — g-^Op/ Wlp/ 

xt o Xt i 

p> — 1 A 1 >fl 3 A (Po + P2), 
P 

15A A-2 
4 

L n Xfc ii+l J L Xl/ XV. n J 

These values of Ul5 U3 are to be expanded in a series of cosines of multiple angles. 

But here it is only needful to keep terms of the same order as Aa, or compared with 

Now A0 of order k~ 

2C=Jc+:. 

Hence 

1—C c_/I \/ 1 cos® cos2» 

C-e — \C_ CJr‘*‘2Ci“' cT + “20 

cos 2v 

2C 4C3 
cos 3v 

= &(1 — &2) — (1 — k2) cos v—h(l —W) cos 2v—P cos 3v 

Also 

v/2(C—c)*{B0+2B» cos nv} 

= ^2C{ 1 } (B0 + B1 C0S 7; + BC C0S 2l’+ B3 C0S 3V) 

=^p{l-P2-^l-F)cos'y-iPcos2v}{B0+ . . . } 

= {l+^&3—h cos v—ffi cos 2-y} {Bq+Bj cos v+Bo cos 2v}Jc~i 

= {1 + i^3—& cos v—ffi cos 2v} (B0+ Bx cos v)Je~*-\-( 1 — & cos v)B2k~h cos 2v 

considering at present B0 and Bx to be of the same order. From this it is easy to 

show that if 
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a2U 
0 . =u-\-/3 cos v-\-y cos 2y+§ cos Sv 
zy0 

*= -£(1 -B)x+±(l+ie)BJr*-^ B# 

y=h(\-W)x-± B0F-i B^+i Bjr* 

~B# 
477 1 

For the first approximation the lowest term in h in /3 must vanish. Hence 

x~~ii=0 

Now 

Px „ A1P1 
P — _ 1 A —I_3 
-°0— 2-^0^ x 

and the lowest terms in B2 are 

R0 4 Bj 

P P 
P —3 A ±2_|_1A AO 
-Dl““ 4-^-1 p W 2A0p 

K1 -ty) 

Substituting the values of A0, &c., from (19) 

J_ p — .u-i_A__3 ^_1 UaL 

277^0“!^ 4L-1 * q LU 

Hence 

1 B1=A^(4*-l)f^ 1 r* 
277 'U- 

2L&* 

161/ (iL-l)Zr* 

= {i(te-i)-ijA_}p 

03- 
4(L—2) 

■03 
_1_1 

4 4L—2 
= 0 

4 L—2 

03 = 
12L —1 

8 L—2 

(20) 
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To the same order 

Therefore 

—y= —(L—2) 
7TO ' ' 

by (15) 

V= 
47T(X 

(L-i) (21) 

The principal term in U is found by equating it to the principal terms in a, i.e., 

-p, k~l 

2^0 2tt 0 4 L—2 

and is therefore independent of the velocity of translation, as ought to be the case, 

since the latter depends on the difference of the cyclic tangential velocities inside and 

outside the tore. Substituting for iJj0 

U - ---- 
0 4irak 

Now, for steady motion, the equation of pressure gives at the surface of the hollow, 

if II and p be the pressure at an infinite distance, and the density of the fluid 

respectively 

Hence U must be the same for hollows of all sizes, and consequently ah constant for 

all the steady motions of the same vortex. When the hollow is small this is approxi¬ 

mately the same as saying that the radius of the cross section is constant. The 

corresponding theorem for a solid ring is of course that the volume is constant. 

10. For the second approximation we need to determine the stream function when 

the cross section of the ring is not an exact circle. The following investigation is 

slightly more general than is necessary for our present purposes. 

Let k be the value of k for the mean section, and let the section be given by 

K=k-\-t(M,„ cos ra;+N„ sin say 

where M„, N;i are small quantities with respect to k. When the tore is at rest with 

fluid streaming past it, the stream function is 

xjj= —xx]j0 
S2 

(C—c)2 

2-v/r0\/2 ^ A Pi„ 

where the Au have the values given in (19). 
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Let the stream function for the non-circular section be \//+X where 

1 R 
X=/(c_C) 2(X* cos nv+Yn sin nv) ~ 

and X,0 Y„ are also small. The necessary condition is, that when k has the value 

given above, t//+x milst be constant, say i//0+e. Then neglecting squares of £ 

Vo+«=fo+^ 
1 

v/(C0-r) 
2(X„ cos nv-\- Yn sin nv) 

The value of e is arbitrary, since with any given surface conditions the circulation 

remains undetermined. We shall choose it so as to make the circulation zero. It 

would be impossible to determine X„, Yn in the general case where both £ and bxp/bK 

are infinite series; but in the case required in the present paper A„/A„_1 is of the 

order k, k being small, and the terms in An are neglected after A2. This simplifies the 

calculation, and it is easy to determine the terms X„, Y„ in terms of M„, N„. But it is 

further greatly simplified by the fact that in the case to which we have to apply it the 

velocity along the surface is already uniform to the first order—in other words 

U_(Cq—c)2 /ty\ dK 

e2S0 \bn )o du 
whence 

(^±\ _ TT 

Wo k(C0—c)2 U 

Hence the equation determining the Xa, Yu is 

n sq i 
e= — ° x3 W+'77r, _ . 2(X„ cos nv+Yn sin nv) 

"Wo c) V Wo c 

But since in our applications k is itself so small that ks has been neglected compared 

with unity, the above becomes 

e= —2«2(l + 3P+4k cos v-\-6k2 cos 2/y)U£ 

+ y/(2k)(l +5^+^ cos y-j-§kz cos 2v)2(X„ cos nv-\-Yn sin nv) 

The various normal functions will therefore be composed of a set of principal terms 

in cos nv, &c., each corrected by an infinite convergent series of small terms of the 

others. The principal will be given by 

e= — 2a2US1(M„ cos nv-N„ sin nv)-f- y/(2/.-)S(X;i cos nv-\- Yn sin nv) 

Therefore 
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The series connected with X», Y* to complete the solution for a given M«, N„ are 

found from 

0= — 2a3UX'(3&-f 4 cos v-\-6k cos 2v)YLn cos nv 

-\-k(\k-\- cos v+f k cos 2t))(e+2a3UMs cos nv) 

+ (2k) (1 -\-k cos v)%X.n cos nv 

with a corresponding equation for Yn in which e=0. 

We need only consider for the first approximation the principal terms, which give 

Xv/(C-c)=^)^+^(M, cos »«+N. sin nv) f? 

Since the circulation is to vanish, 

e+2a3MJJ:=0 

_2a2U 1 f 

x_ y'2*v(c-c)t 
—M — + (M„ cos nv-\- N„ sin nv) 

R'J 

11. We are now in a position to determine the first term in the expression, giving 

the form of the hollow, viz., that part which will destroy the term in cos 2v in the 

value of the surface velocity. U denoting this velocity we have 

re_(M4J i i 
cdS2 |_ \ bw buJ \ bv bv 

Now at the mean section bxp/bv= 0, and is therefore at least of the first order of 

small quantities near the circle u=u0. Hence 

where 

TT (0— 
a2S ]_ bu bu\ 

TT , (C0-c)8W 
1 a2S0 \ bud 

a? TJi 0 0 
——= a+/3 cos v-\-y cos 2v 
2Yo 

and a, /3, y are the values given in (20) when h-\- £ is substituted for k in the functions 

in u. 

Now £ is of the form M cos 2v, hence 

2«2Un M 
X= y/C2h)f{G-c) 

Rq I fh o 
-H7+W C0S 2V Xt o ix 2 

] B MDCCCLXXXIV. 
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Therefore 

'bjA 2a°-MTJc 

\bu)~ y/(2k) { 2 (C-c)f ^ 1_*~ C0S 2i,^(C-c)’(^E0+ ^ R, C0S 2t')} 

and 

^^ =^^{2-2 cos 2. + (C-c) (£+15 | cos 2, 
0 V(2fc) 1 a2S \bw 

The principal term here is 

MU, 

4k 

CP, CPo 
2 —2 cos r+-=“+15 — cos 2v 

R Ra 

MTT / 9T 
-'9,-2 cos 2r+10 cos 2v 

4k L —2 

MU0/ 1 
— 2 cos 2-y 

* \L —2 

It remains now to determine a, /3, y to the same order of approximation, that is 

far as the first power of k, 

kx+—B,k 

■hx+ A A 
27T Jo 

= -k(x0+Sx)+i^-%(4x0-l)k-^4x0-l-^^k-{xQk+^^(B0K *)}o| 

-A U 
27T dw 

Now 

therefore 

therefore 

du 

P P 
P> — _1 A ]_SA —1 
-D0 S-^Op/ 4'£ilp/ 

K 0 ^1 

pp dl\ 

(V*)=p0k^-k~U lAo^+fA^ 
Rh 

1 ^ /T> — A\ 

2t^B°K ^0_ 

r ■ 

itp-t(tao-l)pli+5 
k~l 

so 
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Therefore, substituting the value of x0 already found 

rj.— — l( 6^0 1 1 j _ 2 

k~l 

L—2 4 L-2 ' (2^o § 

j L + 5 z»—i 

8L —2'l/_r4L —2 

^ \ £ 

L—2/ k 

for, since £ is at least of order W, the last term in the factor of £, can be neglected, 

and 

again 

Now 

Also since 

also 

therefore 

.L + 5, . k~v . Ar3 . 

a—— 8L_2^+Tl-2 4L-2^ 

^=A+K+2^(B0K*-BlK-*,]j-T|(B^-B1^)6x0 

1 d^ 
27r <7% 

= _A—1-1_ 1—— — 0 
4L —2~ 4L —2 

b^jaA+iAoL 
Ja, 1 Xt 0 

®1_1A A±li 1 
du iSR^2 °S 

t f=1(4*-dw 

V-£(BlK-»)=i(4a!_1)+i+i{i(4®-i)-i.iA 

=i(te0-i)-ifV=i 1 4L —2 2 L—2 

Hw-ba=-> 

—2&r0 Aj^_2 & 

y=^-TB0F-TB#+ABsr* 
47T 277 

P P 
P —1AA —_3. A — 
&2— 4 ^2^ 4A1Ei 

2 B 2 

The principal term in B3 is 
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therefore 

therefore 
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^-B2 — V ‘ 3*2 (16a? 1) k 

=^(2a:+l)F 

k~‘ 

9 Z-—i 
)^|_t 

7—l^o 16-L—2 

2L-1 

Q f ‘iXr, 1 
L —2 

+i(2x0+l) V& 

= K+f+iir L_2 
i_ 121^-15, 

^—i6 x, —2 ^ 

Hence, substituting their values for a, (3, y 

U= 
, k 1 1 L + 57 , k 2 

^L—2 I L—2^ * L—2M C0S 

+ {(2te0-i|^2 ¥cos2v)l? 

2^0 

a2 

+ 
24rn _ 12L-15. 

‘TT> Xj_2 k cos'^v 
MU, 

k \L —2 
— 2 cos 2u 

The condition that the coefficient of cos 2a vanishes gives 

or since 

M 

therefore 

or 

Also, since fi=0, 

Therefore 

2Uo_i Ho l,i 12L—15 2*0 

k 4a2&2( L-2)J“t'16' L —2 a2 

k-1 2a|t0 

U° 4L—-2 a2 

, Mr2 , 12L-15 

4 L —2 ^ L —2 * 

M=-i(12L-15)F 

6x0=0 

U = 
i- L — 2 8 L—2^ j 

=;£Ui-i(L+5)F} 
4:7rak 

Hence, 

(1.) The velocity of translation remains unaltered to this order. 

(2.) The form of the hollow is given by 

k=&{1— 1(12L-15)Fcos 2u} 

(3.) The surface velocity is 

4:7rak 
{l_i(L+5)P} 
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The effect of the correction to the form of the hollow is to make the section slightly 

elliptic with the major axis perpendicular to the plane of the ring, and with the inner 

side slightly flatter than the other. 

The value of x obtained above is, when k is infinitely small, larger than the critical 

value given in (18). The fluid carried forward will therefore be ring-shaped. If for a 

rough approximation we take the two first terms of the expressions, the value of k for 

a hollow vortex in steady motion, and carrying forward a simply connected mass of 

fluid, will be found from 

T 47T+ 1 

2 

or 
4TT+ 1 

k= 4e“' — 4e-6'78 

= '00522 very nearly 

this would make R/r=102, about. Since k is so small our approximations are very 

close, and it follows that for even extremely small cores of hollow vortices, the fluid 

carried forward is a mass without aperture. For infinitely small ones this is not the 

case. 

The form of the hollow has been determined above by the value of k. If the normal 

variation from the circle be denoted by Sn 

bn=-—— Sk= — —(12L— 15)F cos 2v 
du dk — c' ' 

= -tttr^12 lo^ =-15 j cos 2v 

The figure below represents the form given by this expression to a circle in which 

r[R= '2. Though this value is large, it shows the nature of the change of form better 

than a smaller value. 
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12. On account of the constant surface velocity along a hollow vortex, with fluid 

streaming past it, it is very easy to determine the energy of the motion, when the 

ring moves through a fluid otherwise at rest. For § 8 the energy is given by 

where ds is an element of the arc of the cross-section, l its length, and U' the velocity 

along the surface regarded as for the moment fixed in space. It is therefore the 

component of Y along the surface and U, that is 

u^u-f y1"— 
r 

Also 
t//=ijrVp2+ const 

=¥^(p2—'Ka2)+xlio 

Hence, to the first order, where the section is a circle, the energy is 

JR -o\i. V. £'(u+V^)(4-h«s+iVp': 

p=R+r cos 6 

3 \rd6 

where 

Therefore the energy is 

nrC* [U{4-f iY(R3-Xa3)} + (iUYr3+V2Rr) cos2 0]d6 
Jo 

= 27rV[U{^0+iY(R2-Xa2)}+iYr(iUr+YR)] 

But 

U: 
47rak 

v=fb<L-i) 

Substituting these values, the energy is 

Now to the order of approximation of circular section X=l, r—2ak, R=«, and the 

energy is ^/u.2a(L — 2), which is the same as for a rigid tore at rest. If the shape be 
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regarded, then since here the variation from the circle depends on /c3, we may treat it 

as circular in the integration, provided we do not carry our approximation beyond k2. 

In this case 
\=1 — 4(L — 2)k2, r—2ak, R=a(l —2 Jc2) 

and the energy is 

|A{L-2+(L-f)(L-PHi(L-i)^} 

=^M(L-2)+i(2L—1)(3L-11 )k*} 

To the lowest order this is 

= ^(L-2)(L-i) 

13. If the steady shape as just found receive a slight disturbance symmetrical 

about the straight axis, a series of waves will be propagated round the hollow. To 

prove this, and to find the time of oscillation for different modes, will be the aim of 

the remainder of this paper; and firstly I consider the case where the cross-section is 

crimped into a form given by cosn-y+N sin nv, where M.N are small com¬ 

pared with k, and functions of the time. Since they are functions of the time, the 

volume of the hollow will change, and consequently the stream function will be cyclic. 

The rate of change of volume is 

dn dn' a2 r2,r M cos nv + N sin nv 

^ dk^V dv k (C -cf 
dv 

_^Mf2’ cos nv j _ n2M d f2ircosnv , 

= ~TJ0 (C-cfdV=~ls du)0 0-c 

7ra2M d.Bu 

kS du 

where B;( is the coefficient of cos nv in the expansion of (C—c) 1 

Hence 
2e~nu 

S 

and the rate of change of volume 

2tto2M/ . C 

kS2 
h/i+ 

which is of the order 87rcrM(n+1)&"+1, a quantity beyond that which we neglect. 

Hence we may employ the stream function. Let then y denote this function for the 

small motion given by £ The condition to find it is that for all values of the time t 

1 d% dv 

p dv dn' 
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Considering first the term £= M cos nv, the corresponding form for y will be 

2Y.fr Sin mv 

the coefficient Y being determined from the condition 

V/r KG-cf d\ 1 ^ Rm . 1 
M cos »«= Jv { 77^) 2Y. m sin mv j 

for all values of v when u=u. Therefore 

k(C —c)3 fmeosm-r . sin v sin mv] „ 

M cos m= —2 (C-c)> } Y* 
or 

„ Ma3S cos nv 

k (C -cf 

2M<x3S cos nv 

kC (C—c)f 

■ %{2mC cos mv— 2m cos mv cos v— sin mv sin v}Y„ 

«-> i ~ 2m —1 t ——r 2m+ 1 , 

z-j 2m cos mv-—— cos (m+ l)v-cos (m—l)v [• ir; 
2C 

From this we may obtain sequence equations to determine the Y„; but we require 

only the most important terms, hence 

2Ma3S 
2nY„= 

k& 

Yn=-2-^ a?i!LB 
n 

and 

2 v72a3M/d Rn . 
X= “ /Tri-TtW Sm UV ^ ny/(C — c) R„ 

Since the cyclic motion due to this is zero, there is no correction to be introduced 

for it as in former cases. 

If cf> be the velocity potential, the condition for a free surface gives 

0=5-^,—l(vel )*+/(«) 
r 

f(t) being an arbitrary function of the time. The velocity normal to the surface is of 

the first order of small quantities, and its square is to be neglected. 

The velocity along the surface is 

0_I \dk /o 

where U0 is the velocity determined in § 10 and 

n 
—!TL2=0 2 0 — u 
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Hence 

^+u»(^)0f+/«=° 

Now (f) is the flow along any curve from a fixed point up to the point in question. 

Let us take the curve to be formed by a straight line from the centre in the plane of 

the ring (v=n) up to the surface (u=u'), and then along the ring to the point (u, v). 

The first part will be a function of the time alone, and will therefore disappear with 

f(t); of the part along the ring, that due to the cyclic motion will be constant, and 

therefore the corresponding part in <£ will disappear. The part depending on the 

velocity of translation will be proportional to x, which will introduce a quantity 

proportional to x in <£. This will contain terms in cos v, which will not enter again. 

Hence x must be equated to zero, or the velocity of translation will not be affected. 

There remains only the part depending on the flow along the surface due to the 

motion x- This we proceed to find. Denoting it by </>, 

*,=r 1 d% du dnr 
p du dn dv 

2«2Mv/(2&) 

dv 

yiSR 

2cdilx/(21c)[ 

d R,( 

du \/(C — c) 
sin nvdv 

?iS 

s qp 

R„ 
sin nvdv 

the principal part of which is 

domic CP 
+ K~i)TrHc°s nv-(-l)n] 

The part of this, independent of cos nv, will disappear with f(t). 

Further, since U is multiplied by we must only take their lowest terms, which 
ClrC 

are independent of v. Finally then equating to zero the coefficient of cos nv 

Now 

therefore 

■M=0 

2-^0 da 

dk a? dk 

_U du 

u dk 

2 C MDCCCLXXXIV, 
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To the order here reached 

a=?7T( “ ^ 2tt\ 2 0 R' 

P^*' 

0 

da 1 A, 

dk 2ir P, 
k ~ — — ak ’.-1 

therefore 

Hence 

Now 

dU 

dk 
= -m -\ 

(dk2 
n3 

(4n3-l)^-2[M + U2M = 0 

4»CP» 
(4»s-l)fi-2=2 

-LV» \-t -1 71—1 

■1 

= 4 n 

Therefore 

Pm+1 + P»-1 
p _ p 
x »+l x »-l 

M+ — .P,+1-P-^ M=0 
^4a2k2 P^ + P,^ 

The coefficient of M is always positive; hence the hollow is stable for displacements 

of this kind, and the time of vibration for displacement of order n is 

Anrede 
~U w 

1P»+1 + P>1-1 

(l PK+l p»—1 

Since throughout our approximations we have neglected kr compared with unity, we 

may simplify this further by obtaining the value of the expression under the square 

root to the same order, 

Now 
(2 n + 1)(PM+1 + Pn-d 4/tCP „— 2 P 

(2n + 1)(P»+1- Ib_1)_4nCP„ -AnP,^ 

1 (2»-l)P,_1 
2nC' (2n — l)P„ 

!_1 (2n —1)P,!_1 
C' (2w-l)P» 

2n-l 
8n(n— 1)C2 

2k-1 
4(?i —1)C2 

i _ 
2n(n— 1) 

n — 1 

= 1+^F 
2n[n—1) 
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The time of vibration may also be written in the forms 

UP 
2n 

+ 1 “t P 1l-\ 

V —PM_X 
or 

lip 
‘m^/n 

which shows that the time is independent of the velocity of translation, a result which 

has important bearing on the theory that atoms of matter are hollow vortices. For 
the different orders of vibration, the time of vibration varies inversely as the square 

root of the number of crests running round the hollow. 
14. Pulsation of hollow.-—In the preceding case, n — 0 would correspond to pulsa¬ 

tions of the hollow, in which therefore the whole motion is a change of volume, and 
the use of the stream function is not allowable. But as it happens, the application of 

the velocity potential is here very easy. Let, as in Art. 13, the displacement be 

given by 

8k=£= 

Then the velocity potential is 

with 

Therefore 

C-c\* 
M 

<f>=\/C—c2A„— cos nv 
* n 

£ a C — c b(b , 
t*——=-- — when u= 
lc L — c a ou 

u 

l —1^- M= - '/f< ’ C) 2 iSP„+(C-c)^ [ cos nv 

whence the principal term is 
9«2 

An- 
P, 

fi p 
SP0 + 20 -f- - 

au 

M 

4Pn 

Hence 

as before 

Therefore 

_ 2«V2& ^-2po44/.-iE 

= -4«V2^LM 

M 

<l>=-4a*y/2tfU/L^/(C-c)=? 
J- n 

■ , TTrfU . 

4 «V (2C)i*LM + = 0 

U2 
M- 

Therefore time of pulsation 
4«2FL 

M = 0 

47TClk flp / , 4\* 
~JL=%A log 7 

and therefore varies slowly with the energy. 
2 c 2 
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[Plates 8-10.1 

The great object of Pharmacology is to obtain such a knowledge of the relation 

between the chemical constitution and physiological action of bodies as to be able to 

predict with certainty what the action of any substance will be. One of the most 

important steps towards this object was made by Crum-Brown and Fraser, who 

showed that the introduction of methyl into the molecule of strychnia or thebaia 

changed the tetanising action of those poisons on the spinal cord into a paralyzing one 

on the ends of the motor nerves. 

As the organic alkaloids are compound ammonias, it seemed probable that a similar 

change in the chemical constitution of ammonia itself might produce a corresponding 

change in physiological action. This was tested by Crum-Brown and Fraser, who 

found that trimethyl-ammonium iodide possessed a paralyzing action similar to that of 

methyl strychnia or methyl thebaia, while ammonia itself has been shown by Funke and 

Deahna to have a tetanising action very much like that of strychnia. A number of 

other ammonium compounds have been shown to have a similar paralyzing action; but 

there is no complete investigation of the whole series, nor has the relation of the acid 

with which the base is combined been determined. 

In the present research we have attempted— 

1st. To ascertain how the general action of ammonia is modified by its combination 

with an acid radical. Under this heading we have investigated : (a) the alteration 

in its general effects upon the organism ; and (b) the alterations in muscle and nerve 

by which the general effects are to a great extent determined . 

2nd. To investigate the general action of the compound ammonias containing the 

more common radicals of the alcohol series in the same way as the ammonium 

salts in the first part of the paper. 

* The present research forms part of an investigation into the action of certain drugs on muscle and 

nerve, for which a grant was given to one of us (Brunton) in 1877, hut the prosecution of which was 

touch delayed by various circumstances, amongst others, the rebuilding of the laboratory in which the 

experiments were made. 
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3rd. To compare the action of ammonia on muscle and nerve with that of other 

substances nearly allied to it in chemical properties, and belonging to the group 

of alkalies. 

4th. To examine the action of acid and alkali upon muscle independently of the 

chemical composition of the acids or alkalies employed. 

5th. To extend the research on muscle and nerve to the elements belonging to the 

group of alkaline earths. 

General action of Ammonium Salts. 

From experiments with ammonium chloride, sulphate, phosphate, tartrate, benzoate, 

and hippurate, Feltz and Putter concluded that ammoniacal salts all had a similar 

action, producing convulsions and coma, slowing of the pulse and lowering of the 

temperature. They considered the action to be the same in kind, but differing in 

intensity. The convulsions produced by ammoniacal salts were shown by Funke and 

Deahna to be similar to the tetanus produced by strychnia, differing from it only in 

the fact that a single convulsion instead of a series of convulsions was produced by 

the poison. The cause of this result they believed to be the rapid production of 

paralysis of the motor nerves by the ammoniacal salt, which prevented the occurrence of 

more than one tetanic convulsion. 

As the action of chloride of ammonium has already been pretty thoroughly investi¬ 

gated, it seemed to us unnecessary to make any more experiments upon its general 

action. We have therefore restricted our researches to the action of the bromide, 

iodide, sulphate and phosphate, and have experimented only on Frogs with the 

bromide. The result of these experiments seems to be that ammonium chloride, 

bromide and iodide form a series. At one end of it is ammonium chloride having 

a stimulant action on the spinal cord, and, at the other, the iodide having a 

paralyzing action upon motor nerves. Ammonia and ammonium chloride produce 

tetanus ; the bromide, hyperesthesia, with some clonic spasm, passing into tetanus, 

which, however, comes on very late in the course of the poisoning. The iodide 

produces rapid failure of higher reflexes, such as that from the conjunctiva, and 

caused in our experiments progressive paralysis, but no tetanus. At an early stage of 

poisoning by it the Frog responded with a creak when stroked on the back, and as 

this has been shown by Goltz to occur after removal of the cerebral hemispheres, its 

occurrence in poisoning by ammonium iodide may be looked upon as a proof that 

the higher centres are poisoned first. After injection of ammonium phosphate also, 

there is throughout an absence of true spasm. The usual movements become sprawl¬ 

ing, and when taken up and gently set down again, the animal remains plastic, with 

the limbs extended. Before the cessation of reflex in the hind limbs, slight twitchings 

are observed to accompany induced movement. After the injection of sulphate of 

ammonium a slight degree of hyperesthesia is developed. In a variable length of time 
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twitchings occur. They appear first in the anterior extremities, and then spread 

all over the body to the hind limbs. This spasm increases in intensity, and often 

manifests itself by a number of clonic convulsions occurring at tolerably regular intervals. 

These seldom pass into a rigid tetanus. They are, however, provoked by touching 

the animal, by the application of cold to the surface of its body, or by a blow upon 

the table upon which it is resting. When the sciatic nerve was divided on one side 

before the injection of the poison, twitchings did not occur upon that side. The 

action of the salts of ammonia upon the circulation was also found to be various. 

Thus, in poisoning by the bromide, it was unusual to find the heart materially 

influenced in its activity, even when the most marked motor symptoms had been 

developed. With the iodide, however, an early arrest of the heart in diastole, with 

the auricles and ventricle distended by dark blood, was very usual. A larger dose of 

the phosphate, and not unfrequently an equal dose of the sulphate, had a somewhat 

similar effect. An examination of the blood showed that after poisoning by bromide 

of ammonium, a marked change had taken place in the red blood-corpuscles. These 

exhibited numerous coagulations in their stroma; an increase of free nuclei was like¬ 

wise observed in the blood ; where the blood from the corresponding limb to which 

the poison had not had access was examined, no such changes were observed. A 

similar result is occasionally noticed after poisoning by the sulphate ; it is much more 

unusual where the iodide and phosphate have been employed. 

Examination of the reaction of the muscle to direct and indirect stimulation was 

made as rapidly as possible, when it was desired to examine their reaction at any 

stage which the poisoning had reached. The ligatured limb was used for a contrast; 

and as it has been shown by Kuhne'“ that in cold-blooded animals the irritability of 

the muscle declines when containing blood in a condition of stasis, allowance must be 

made for this decrease in irritability when contrasting its reaction with that of the 

poisoned muscle. The irritability was tested by means of approximating the secondary 

coil of a DU Bois Reymond’s inductorium to the primary, the greatest distance at 

which a minimal contraction was produced being registered both for direct and indirect 

stimulation. This figure was controlled by removing the secondary coil from the primary, 

in which case contraction often persisted at a more distant position than it was observed 

at when the coil was approximated.t The muscle poisoned by bromide showed an in¬ 

crease of irritability in the early stages, and before the action of the poison was com¬ 

plete. There was a slight but less marked increase occasionally in the case of iodide, 

but usually the irritability in cases of slight poisoning is diminished. There is usually 

no marked increase of irritability in muscles poisoned by the phosphate and sulphate, 

though in exceptional cases it has been observed as a temporary condition in both 

The muscle responds to direct and indirect stimulation (opening shock) by a long, at 

first equally high, but then rapidly falling curve, in comparison with the normal. The 

* Archie, f. Anat. u. Physiol., 1859. 

t The excitability of the muscle appearing to be increased by its contraction. 



200 DRS. T. L. BRUNTON AND J. T. CASH ON CHEMICAL CONSTITUTION, 

response to indirect stimulation is, however, much feebler than to direct. The tetanus 

of both is impaired, but especially that of indirect stimulation. The total failure of 

reaction upon stimulation of the nerve frequently occurs whilst the muscle yields a 

moderate tetanus. If the heart has not been arrested by the injection of too large a 

dose of ammonium iodide before the circulation has distributed the poison sufficiently, 

it is often found that stimulation of the nerve does not produce any contraction, or 

it may be only a few faint twitches of the muscle. In poisoning by the phosphate 

of ammonium direct stimulation produces, as a rule, a tolerably good, though pro¬ 

longed contraction, but the failure of reaction to direct and indirect stimulation is 

more parallel than in poisoning by the iodide, and if the irritability of the nerve 

is entirely lost, it is usually found that the muscle when stimulated directly contracts 

but very feebly even to the strongest tetanising current. Ammonium sulphate 

paralyses both muscle and nerve. The reactions given by the former are, however, 

longer, and outlast those of the latter. The tetanus curve of both is feeble, even 

in cases of rapid poisoning. 

Action of Compound Ammonias. 

Our experiments with these bodies were made upon frogs, rats, and rabbits. The 

substances employed, twenty-six in number, were :—Ethylamine, trimethylamine, 

triethylamine ; the chlorides of methyl-ammonium, ethyl-ammonium, amyl-ammonium, 

dimethyl-ammonium, diethyl-ammonium, trimethyl-ammonium, and triethyl-ammo¬ 

nium ; the iodides of methyl-ammonium, ethyl-ammonium, amyl-ammonium, dimethyl- 

ammonium, diethyl-ammonium, trimethyl-ammonium, triethyl-ammonium, tetramethyl- 

ammonium, and tetraethyl-ammonium ; the sulphates of methyl-ammonium, ethyl- 

ammonium, amyl-ammonium, dimethyl-ammonium, diethyl-ammonium, trimethyl- 

ammonium, and triethyl-ammonium. The action of all these bodies was tested in 

Frogs, but the whole of the series was not investigated in Rats and Rabbits. All 

the salts of the compound ammonias which we used were obtained from Messrs. 

Hopkins and Williams, who prepared them expressly for us, and guaranteed their 

purity. The poison was in all cases administered by subcutaneous injection. 

We have compared first the action of the compound ammonias, uncombined with an 

acid radical, with the action of ammonia itself. We have then compared the actions 

of the chlorides, iodides, and sulphates, of the compound ammonias with each other, 

and with the corresponding salts of ammonium. It will be noticed that there is a 

considerable difference between the action of the compound ammonias and of am¬ 

monia. The tendency to produce tetanus resembling that of ammonia was noticed in 

ethylamine, which was the only one of the compound ammonias containing only one 

atom of hydrogen, replaced by a radical, that we investigated in a free state, uncom¬ 

bined with acid. When used as a chloride, the convulsive action was less marked. 

The substitution of even a single atom of hydrogen by an alcohol radical appears to 
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lessen the tetanising action of ammonia, and this diminution is increased by the 

substitution of two or three atoms, then a change takes place, and when the ammonia 

is combined with four atoms of an alcohol radical, a convulsant action again becomes 

more marked, though it is not so great as in the case of ammonia itself. 

With these exceptions, the symptoms were those of gradual motor paralysis. This 

motor paralysis appeared to us to be due, in a great measure, to a paralyzing action of 

the substance on the spinal cord, as motion ceased in the animal at a time when the 

muscles and motor nerves were still capable of vigorous action. 

The tetramethyl- and tetraethyl-ammonias appear to have a particular tendency to 

paralyse the higher reflexes before the lower, so that reflex from the cornea disappears 

sooner than from the foot. They appear also to affect the heart more than the other 

compound ammonias, so that in poisoning by them the heart was generally found 

motionless, in complete diastole, and distended with dark blood. 

We did not observe the same marked difference between the action of the different 

salts of the compound ammonias that we did in the case of ammonia itself. The 

iodides, however, appear to affect the heart more powerfully than other salts, and to 

cause its arrest in diastole. 

The chlorides and sulphates also appear to have a greater tendency to produce 

muscular tremor than other salts. 

We have drawn up, in a tabular form, an epitome of the symptoms of poisoning 

produced by salts of the compound ammonias in Frogs, Rabbits, and Rats. The 

tables may appear bulky, but the number of salts experimented upon was great, and 

as they were difficult to prepare, and expensive to procure, we have thought it 

advisable to give an .example of the general action of each drug, as well as a summary 

of the results which we have obtained. We have, however, put them as shortly as 

possible, and restricted ourselves to one experiment with each substance on each kind 

of animal. 

2 D MDCCCLXXXIV. 
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Rabbits, Tabulation of Results. 

Fatal. 

10 c.c. or less.* Fatal in— 20 c.c. or above 10 c.c. Fatal in— 

10 c.c. Dimethyl-ammon. chloride. 
10 c.c. Trimethyl-ammon. chloride 
10 c.c. Biethyl-ammon. iodide. . . 
10 c.c. Tetraethyl-ammon. iodide . 
10 c.c. Tetramethyl-ammon. iodide 
5 c.c. Tetramethyl-ammon. iodide. 
5 c.c. Tetraethyl-ammon. iodide . 

Several hours. 
A few hours. 

2h 30m. 
2h 30m. 

2h 4m. 
5m 

30m. 

20 c.c. Triethyl-ammon. sulphate . 
20 c.c. Trimethyl-ammon.sulphate 

20 c.c. Ethyl-ammon. iodide 
18 c.c. Amyl-ammon. iodide. 

17m. 
3h 15s. 

Several hours. 

3h. 

Not Fatal. 

With Maximal Dose recovered from— 

2 c.c. 10 c.c. and more than 2 c.c. 20 c.c. and more than 10 c.c. 

Methyl-ammon. sulphate. 7 c.c. Trimethyl-ammon. sulphate. 
10 c.c. Ethyl-ammon. iodide. 
10 c.c. Triethyl-ammon. iodide. 
10 c.c. Diethyl-ammon. chloride. 
10 c.c. Triethyl-ammon. chloride. 
10 c.c. Amyl-ammon. iodide. 
10 c.c. Diethyl-ammon. iodide. 

16 c.c. Triethyl-ammon. iodide. 
20 c.c. Amyl-ammon. sulphate. 
20 c.c. Ethyl-ammon. sulphate. 
20 c.c. Diethyl-ammon. sulphate. 
20 c.c. Dimethyl-arnmon. sulphate. 
19 c.c. Methyl-ammon. sulphate. 

20 c.c. Methyl-ammon. iodide. 
20 c.c. Dimethyl-ammon. iodide. 
17 c.c. Trimethyl-ammon. iodide. 
17 c.c. Diethyl-ammon. chloride. 

The order of fatality considering— 

I. The salt. 

1. Iodides. 

2. Chlorides. 

3. Sulphates. 

II. The ammonia compound. 

1. The tetraethyls and tetramethyls. 

2. The triethyls and trimethyls. 

3. The diethyls and dimethyls. 

4. The amyls, ethyls, and methyls. 

appears to be :— 

The former (I.) is of very secondary importance to the latter, and the difference 

between the iodides, and chlorides, and sulphates is magnified by the fact that in the 

case of the iodides alone were the tetra compounds employed. 

In regard to rapidity of action, we find (1) tetramethyl-ammonium-iodide (5 c.c. = ‘5 gr.) 

fatal in 5m ; (2) triethyl-ammonium sulphate (20 c.c.) in 17m, and tetraethyl-ammonium- 

iodide (5 c.c.) in 30m. No symptom of pain occurred in any case after the injection, 

nor of physical change in animal. There appeared occasionally a slight loss of co¬ 

ordination, but this may have been, in some cases, due to paralysis. The pupil was 

markedly affected in the case of trimethyl-ammonium chloride and tetramethyl- 

ammonium-iodide. 

* Each c.c. is equal to ‘1 grm. of the substance named. 

2 E 2 
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From these experiments it appears that amongst the drugs contained in the table, 

the most marked disturbance occurs in the Fat in the case of the ethyl-ammonium 

sulphate, amyl-ammonium sulphate, amyl-ammonium iodide, diethyl-ammonium- 

sulphate, diethyl-ammonium chloride, triethyl-ammonium chloride, and tetra-methyla- 

mine ammonium iodide. In all of these tremors were noticed, and in some—the 

diethyl-, triethyb, and amyl-ammonium salts—a peculiar rapping of the head upon the 

table was noticed, which appeared to be of a convulsive character. 

The two most powerful convulsants were the amyl-ammonium-sulphate, and the 

tetramethyl-ammonium-iodide. 

We found that the iodides not enumerated amongst those causing marked nervous 

disturbance have little tendency to produce spasmodic movements. In them loss of 

reflex, first in the hind legs, and then in the anterior part of the body, is most marked. 

It appears to us that as a group the salts of the compound ammonias have a 

complex action : they affect the spinal cord, motor nerves, and muscles. The extent 

to which these structures are affected by the different compounds varies with each 

compound. 

The spinal cord appears to be first stimulated, and then paralyzed. The symptoms 

which lead us to suppose that it is first stimulated are the twitchings which occur in 

the early stage in Rabbits and Rats, when poisoned with the substances mentioned in 

the tables, and the convulsions which occur in Frogs poisoned by ethylamine and 

tetraethylamine-iodide. That the spinal cord is paralyzed at a later stage, both as a 

conductor of motor stimuli and as a reflex centre, we infer from the failure of reflex 

action both in Frogs and Mammals, and from the fact that a stimulus applied to the 

hind foot frequently induces motion, not of the corresponding hind leg, but of one of 

the fore legs. 

The convulsions which occur shortly before death in mammals are, perhaps, to 

be regarded as due, not to the irritant action of the poison on the nerve centres, but 

rather possibly to its paralyzing action on the motor nerves : this motor paralysis 

causes enfeebled breathing, and a consequent venous condition of the blood with 

asphyxial convulsions. That the compound ammonias and their salts paralyze the 

motor nerves is shown by our direct experiments on the nerve muscle preparation, in 

which the nerves were almost always paralyzed before the muscle. The muscles, 

however, are by no means unaffected—at first their power may seem to be increased, 

so that they respond by a more powerful contraction to irritation; afterwards, 

however, they become weakened, and tend to become completely paralyzed by the 

continued action of the poisons. This increase of irritability is not observed in the 

case of some of the compounds, even as a temporary condition. 
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Comparison between the Action of Ammonia and the Compound Ammonias. 

Ammonia itself lias a convulsant action, the convulsions apparently being due to its 

effect upon the spinal cord, like those of strychnia. It differs, however, from strychnia 

in this respect, that the convulsions do not continue long, apparently because the 

motor nerves soon become exhausted, so that the excited spinal cord can no longer 

induce muscular contractions. The only one of the compound ammonias, in which 

one atom of hydrogen only is replaced by an alcohol radical, that we have experi¬ 

mented with is ethylamine; and this we find has also a convulsive action, probably 

the same in nature as that of ammonia. It has but a feeble paralyzing action on 

motor nerves. But this is only true of a single stimulus or of a few stimuli. 

'When the nerve is subjected to rapidly repeated stimulation, it becomes very quickly 

exhausted. Ethylamine, therefore, while not directly paralyzing the excitability 

of the nerve, greatly lessens its endurance and power of work. It will thus have a 

similar effect to ammonia in shortening the convulsions, and thus rendering them 

like those of ammonia, and unlike those of strychnia. Its action on muscle itself 

appears to be very similar to that of ammonia. First it increases the excitability 

of the muscle, but afterwards diminishes it, and renders the curve both lower and 

longer. 

Trimethylamine was found by Husemann to have a tetanising action even on Frogs, 

like that of ammonia. In our experiments, however, we found gradual failure of the 

circulation and of reflex without any spasm. This difference between his results and 

ours may be possibly due either to our having employed different kinds of Frogs or 

to our having experimented at different seasons and under different temperatures. 

Another possibility is, that the Frogs he employed were stronger, and that their 

circulation was more vigorous than ours : for we have already noted that ammonium 

bromide produced tetanus in Frogs, but this came on at a late period in the poison¬ 

ing, and unless the Frog was strong, and the circulation vigorous, the animal died 

before the tetanus made its appearance. 

With triethylamine we noticed a great failure of reflex, unaccompanied by spasm; 

with both triethylamine and trimethylamine the action appeared to be slower than 

that of ethylamine. In one case of poisoning by the latter, tonic spasm occurred in 

70m after injection, whilst in two hours after the injection of a larger quantity of 

triethylamine and trimethylamine, a faint reflex action was still present, and the 

circulation was maintained. The action of trimethylamine and triethylamine on 

motor nerves and muscle is very much the same as that of ethylamine or ammonia. 

From a comparison of ammonia with these compound ammonias it appears that the 

replacement of hydrogen by alcohol radicals tends to diminish the convulsant action 

of ammonia itself, and that the diminution is greater in proportion to the number of 

hydrogen atoms substituted. 

We have not obtained any distinct evidence that the substitution of alcohol 
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radicals for hydrogen increases the paralyzing action of ammonia on motor nerves, or 

indeed alters its effect upon the muscle. 

We shall presently have to notice, however, the marked change which occurs in 

physiological action, when we pass from an ammonia in which nitrogen is combined 

with three atoms of an alcohol radical to those in which we have it combined with 

four atoms as tetramethyl- and tetraethyl-ammonium iodides. 

Chlorides. 

Ammonium chloride has been shown by Boehm and Lange to produce convulsions 

resembling ammonia itself. 

Amylamine hydrochlorate has been shown by Dujardin-Beaumetz to have a 

convulsant action upon Babbits. 

Our experiments on Frogs have led to the following results :— 

We found that methylamine chloride caused gradual failure of reflex action 

generally unaccompanied by spasm, while the diminished reflex produced by ethylamine 

chloride was of a spasmodic nature, though there was no true tetanus. With 

amylamine chloride we observed no spasm. In 'one case there was a tendency to 

spasm chiefly in the hyoglossus muscle. 

The dimethyl- and diethyl-ammonium chloride cause weakness, lethargy, and 

failure of reflex action, but no distinct spasm. A tremor is observed on movement, 

but this seems to be rather due to failure of motor nerves than to increased excitability 

of nerve centres. 

Their action upon motor nerves and muscles appeal’s to have been much the 

same as that of ethylamine : the nerve not being directly paralyzed, but its power of 

transmitting stimuli continuously being greatly diminished. 

The muscle has at first its contractility increased but afterwards diminished 

(Plate 8, fig. 1, a, b, c, cl). In these experiments on Frogs the chlorine does not appear 

to have altered the action of the compound ammonias with which it is combined. 

From experiments on Bats we find that both diethyl- and triethyl- ammonium 

chlorides have a similar action. The most marked symptoms are motor weakness 

and tremor. The tremor is most perceptible when the animal moves, and there is a 

very curious spasmodic movement of the head causing the chin to rap upon the floor. 

Before death, convulsions occur, but these are probably asphyxial. 

In Babbits the effect is somewhat similar. The movements become tremulous, 

are exaggerated and scrambling in character, suggestive of impaired co-ordination. 

No ansesthesia was observed. Beflex was lost gradually and disappeared, first in the 

hind limbs. 

The most marked effect of the chlorine in altering the action of the compound 

ammonias appears in these experiments to be a tendency to produce tremor. It is 

perhaps not quite easy to say positively what the cause of this tremor is, but we are 
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inclined to regard it rather as an indication of failing power in motor nerves than to 

increased irritability in nerve centres. 

Iodides. * 

As we have already shown in an earlier part of this paper, ammonium iodide has 

a powerful paralyzing action, both on nerve centres and motor nerves, producing 

sluggish movements and motor paralysis. 

From experiments on Frogs we find that methyl- (Plate 8, fig. 2, a, b), ethyl-, and 

amyl- (Plate 8, fig. 3, a, b, c) ammonium iodides all produce torpor. In the ethyl- 

ammonium iodide, Goltz’s “croak” experiment succeeded as it did in the case of simple 

ammonia iodide. With the amyl-ammonium iodide, jerking or staccato movement of 

the limbs was observed, apparently due to failure of motor power. The methyl-, 

ethyl-, and amyl-ammonium iodides in small doses increase the excitability both of 

nerve and muscle. In large doses they are powerful poisons to motor nerves ; they 

have a tendency to alter the formation of the muscle curve, and produce in it a 

curious hump, but they do not appear to affect muscle as much as nerve. 

The occurrence of the croak in the ethyl-ammonium iodide would appear to 

indicate rapid paralysis of the higher nerve centres; and the staccato movement in the 

amyl-ammonium iodide, more rapid failure of motor nerves. 

The dimethyl- and diethyl-ammonium iodides produced increasing lethargy, with 

no spasm ; with the diethyl-ammonium iodide the “ croak ” experiment succeeded, as 

it did with the ethyl-ammonium iodide. 

Their action upon muscle and nerve seems to be similar to that of the methyl- and 

ethyl-ammonium iodides. Trimethyl- and triethyl-ammonium iodides have an action 

like that of the dimethyl- and diethyl-ammonium iodides, but they appear to have a 

greater paralyzing action on muscle and nerve (Plate 8, fig. 4, a, b, c), the primary 

increase in excitability not being marked, and paralysis of both occurring more readily. 

The tetramethyl- and tetraethyl- (Plate 8, fig. 5, a, b, c) ammonium iodides present a 

marked contrast to the other iodides, as Frogs poisoned by them exhibit spasmodic 

twitchings of the trunk and extremities. The higher reflexes cease very rapidly. The 

nerve is generally completeiy paralyzed. The muscle is only slightly affected when 

the poisoning is rapid, but if it be slow it is completely paralyzed also. 

All the iodides render the beats of the heart slow, and tend to produce still-stand 

in diastole. 

In the case of triethyl-ammonium iodide a vermicular movement of the heart was 

observed. 

The tetraethyl- and tetramethyl-ammonium iodides appear to have a more 

powerful action than the others in producing diastolic still-stand of the heart. 
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Experiments on Rats. 

Methyl-, ethyl-, and amyl-ammonium iodides all produce increasing weakness 

with a sprawling or waddling gait. The power of the cord to conduct motor impulses 

appears to be diminished so that the hind legs become more paralyzed than the fore 

legs. Its conducting power for sensory impressions is not paralyzed at this time, as 

stimulation of the hind legs will produce movement in the anterior part of the body. 

In the case of poisoning by amyl-ammonium iodide, twitching of the limbs and head 

were more marked than that of the* methyl or ethyl compounds. 

The dimethyl- and diethyl-ammonium compounds also cause progressive paralysis. 

In the case of the diethyl-ammonium iodide, an occasional instantaneous twitching in 

back and forelimbs was observed, resembling an effort at hiccough. 

The tetramethyl-ammonium iodide has an action very different from the others, 

producing powerful convulsions. It kills also much more rapidly, and is fatal in very 

much smaller dose. 

Experiments on Rabbits. 

In Rabbits the methyl-, ethyl-, and amyl-ammonium iodides all cause increasing 

weakness. The conducting power of the cord appears here also to be affected, the 

hind legs becoming sooner paralyzed than the fore legs. 

In the case of the methyl-ammonium iodide there is a distinct trembling of the 

body not noticed in the other two. 

General Action of the Iodides. 

A distinct alteration appears to be effected in the action of the compound 

ammonias by the combination with iodine. All the iodides, both of ammonia itself and 

the compound ammonias, have a powerful paralyzing action on the motor nerves. 

Muscular irritability is as a rule decreased; occasionally it is increased at first, as in 

the case of the methyl-, ethyl-, and amyl-ammonium iodides. 

The muscle curve in all cases shows a tendency to become humped. This 

tendency is more marked in the methyl, ethyl, and amyl compounds than in the di- 

or trimethyl, ethyl, and amyl compounds. It is more marked when the muscle is 

stimulated directly than when it is stimulated through the nerve. They all render the 

muscle more easily exhausted, so that the tetanic curve becomes lower and is sustained 

for a shorter time. 
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Sulphates. 

Experiments on Frogs. 

Ammonium sulphate soon causes the movements to be accompanied with twitchings 

aud clonic spasm. It sometimes, though rarely, produces complete tetanus; the 

peripheral ends of motor nerves are paralyzed by it, and the muscular substance is 

also paralyzed, though later than the nerve. 

The heart is considerably affected by the poison, and is frequently found arrested in 

diastole, and filled with dark blood. In this point it appears to agree with the iodide. 

Methyl, ethyl, and amyl sulphates all cause gradually increasing lethargy and failure 

of reflex movement. 

Methyl-ammonium sulphate paralyzes muscle and nerve very completely, the nerve 

being paralyzed before the muscle. The ethyl- and amyl-ammonium sulphates have 

much less paralyzing action upon muscle and nerve, but render them liable to rapid 

exhaustion. 

In poisoning by them the heart was considerably affected, and beat very slowly ; pro¬ 

bably the slighter effect on the muscle of ethyl and amyl sulphates in our experiments 

was due to their greater effect upon the heart, so that they were carried in lesser 

quantity to the muscle. This is exactly what one finds with such a poison as vera- 

trine, which has an extraordinary effect on the muscle of a Frog in small doses, but 

has little effect on the muscle when the dose is large, the heart being so quickly 

arrested that but little effect is produced upon the muscle. 

Dimethyl- and diethyl-ammonium sulphate both cause weakness, with tremulous 

movement; but in the case of diethyl-ammonium sulphate, strong irritation causes a 

powerful movement in the limbs, occurring after a considerable latent period. The 

nerve appears to be powerfully paralyzed by the dimethyl-ammonium sulphate, while 

the paralyzing action is but slightly marked in the case of the diethyl-ammonium 

sulphate ; the paralysis of the muscular tissue is also more marked in the case of the 

dimethyl-ammonium sulphate (Plate 8, fig. 6, a, b). Both lessen the activity of the 

circulation, and render the cardiac pulsations slow. 

The trimethyl- and triethyl-ammonium sulphates both cause the movements to 

become weaker and tremulous, and sometimes staccato. 

The trimethyl-ammonium sulphate (Plate 8, fig. 7, a, b, c, cl) appears at first to 

increase the excitability of the animal, and even when the muscular power has failed, 

so that irritation of the foot no longer will cause it to be withdrawn, tremor occurs 

over the whole body from the stimulus. The nerve is either much weakened or 

paralyzed, so that it either soon gives way when tetanised, or does not respond to 

stimulus at all. The muscle is also paralyzed; the minimal irritability is much 

impaired in poisoning by trimethyl-ammonium sulphate, although the contractile 

power remains considerable. 

One of the most marked points in the action of the sulphates of ammonia and 

MDCCCLXXXIV. 2 F 
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compound ammonias on the Frog appears to be their tendency to affect the circulation, 

and to render the beat of the heart slow, or arrest it entirely in diastole. Muscle and 

nerve are both paralyzed, the paralysis of the muscle being later than that of the nerve. 

We have noted above a number of more or less exceptional instances, but in many 

of those there can be little doubt, we think, that the exceptional action was due to 

alteration in the circulation caused by the poison. 

In their action upon the circulation the sulphates resemble the iodides. The spinal 

cord appears to be stimulated, so that convulsions or tetanus are produced by the 

ammonium sulphate. The combination with ethyl and methyl appears to lessen this 

stimulating action, although we notice in the case of the triethyl-ammonium sulphate 

a tendency to diffusion of stimuli in the cord, irritation of the foot being responded to 

by tremor over the body. 

In the case of the Rat we find the amyl-ammonium sulphate to be one of the most 

poisonous of the whole series used in the case of these animals. There is violent 

tremor, increased on movement; a gait like that of paralysis agitans ; sudden general 

clonic spasm, succeeded by springing from side to side. 

In the case of ethyl-ammonium sulphate and diethyl-ammonium sulphate the 

movements are likewise tremulous; rapping of the head upon the floor is observed, 

and there is frequently a spasm of many of the trunk muscles, giving the impression 

of a hiccough movement. Respiration, at first accelerated, becomes very feeble, and 

a gradual loss of reflex precedes death. 

The circulation was slowed by the action of these poisons, the heart tending to 

diastolic arrest, the right side especially being much engorged. 

It was found that stimulation, both direct and indirect, elicited a powerful con¬ 

traction of the poisoned muscle. The changes in circulation no doubt account for the 

slight effect of the poison upon the muscle. In the case of the amyl-ammonium 

sulphate, congestion of the membranes of the brain and of the cord itself were 

observed. 

General action on Rabbits. 

In the case of Rabbits, in which the whole series of these poisons was investigated, 

there was observed a gradual loss of power, the animal tending to lie on the belly, 

with the legs extended ; the hind legs appeared to be chiefly affected. 

In the case of the triethyl-ammonium sulphate, and the trimethyl-ammonium 

sulphate, there was a certain amount of tremulousness and starting when touched. 

The paralysis in the hind legs became complete before it did in the fore legs. 

In the case of trimethyl-ammonium sulphate, profuse salivation was an early 

symptom, and corneal reflex persisted to the last. 

The sulphates were less fatal to Rabbits than the corresponding chlorides or iodides, 

with the exception of trimethyl and triethyl sulphates, in which there was trembling 

and slight spasmodic movements, probably indicative of irritation of the spinal cord. 
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The symptoms were those of paralysis of the spinal cord and motor nerves. The 

conducting power of the cord for motor impressions appears to be paralyzed, as the 

hind legs fail before the fore legs. Death occurs in Rabbits and Rats by failure of 

respiration. 

Difference between the Action of the Salts of the Compound Ammonias. 

Our experiments appear to us to show that the salts of the compound ammonias 

vary in their action : («) according to the acid radical with which they are combined ; 

and (b) according to the number of the atoms of hydrogen which have been replaced 

in the ammonia by an alcohol radical. The influence of the acid, however, appears to 

us to be less marked than in the case of ammonia itself. 

The iodides appear to have the strongest paralyzing action, both on the central 

nervous system and on the peripheral nerves. Next to them come the chlorides, and 

the sulphates have the least action. 

The paralysis of the higher reflex, e.g., of the cornea, was more marked in Frogs 

than in Mammals. In the latter, indeed, corneal reflex was observed almost at the last. 

We have only examined the action of the iodides of tetramethyl- and tetraethyl- 

ammonium, so that we cannot compare their actions with those of the corresponding 

chlorides and sulphates. We have already drawn attention to the fact that their 

action appears to differ very greatly from the compound ammonias in which only 

three atoms of hydrogen have been replaced by an alcohol radical. In the tetra 

compounds convulsant action is very strongly marked, while in the triad compound 

ammonias it is much less so, or may be altogether absent. 

In the case of warm-blooded animals salivation was noticed before death in 

poisoning by trimethyl-ammonium sulphate, tetramethyl-ammoniiun iodide, and tetra 

ethyl-ammonium iodide; it also occurred, to some extent, in amyl-ammonium iodide. 

In one or two others a similar action was observed to a less extent. 

We have not investigated fully the action on the spinal cord and higher nerve 

centres of these different compounds, because the number of substances on which we 

have experimented was so great that we thought it better to leave this subject for a 

subsequent research, and to confine ourselves more especially to their action on muscle 

and nerve. 

The results of our experiments on these tissues are shown in a condensed form in 

the following paragraphs :— 

Differences between the Action of Salts of the Compound Ammonias 

on the Frog’s Muscle and Nerve. 

For convenience sake we will group the bodies, first, according to the acid radical; 

and secondly, according to the base they contain. 

2 F 2 
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Variations in Action according to the Acid Radical. 

Chlorides. 

{a.) Irritability is, as a rule, slightly increased. 
(b.) Tetanus from the muscle is often more extensive, whilst that from indirect 

stimulation is less extensive than on the normal side. 

(c.) The curve is often exaggerated in direct stimulation. 
It is frequently higher, and may be slightly shorter or longer than normal. On 

repeated stimulation, whether direct or indirect, the curve elongates to a greater or 

less extent. There is, as a rule, less elongation, less succeeding contraction, and less 

tendency to develop a distinct second hump than is to be seen in the iodides. 
(■d.) The nerve gives way somewhat before the muscle, but these substances 

(i.e., chlorides) are not so fatal to nervous irritability as are the iodides. Amyl- 
ammonium chloride has a relatively stronger action on nerve than on muscle. 

Iodides. 

(a.) Irritability is, as a rule, decreased, the exception being occasionally found 
in ethyl-ammonium iodide, and di- and triethyl-ammonium iodides. 

(b.) Tetanus is diminished in extent in almost every case. 
(c.) The curve shows a strong inclination in all, but most in those lowest in the 

series, to become two-humped, the second horn or hump passing into a contracture, 
with very gradual decline. 

(d.) In all cases the nerve becomes paralyzed much before the muscle. 

Sulphates. 

(a.) Minimal irritability is increased, or normal in the case of ethyl-ammonium 
sulphate, cliethyl-ammonium sulphate, and triethyl-ammonium sulphate. It is 

decreased by amyl-ammonium sulphate, and by all the methyl-sulphates. 

(b.) Tetanus produces more extensive contraction on direct stimulation in the case 
of the ethyls, and in very slight poisoning in some instances in the methyls, but in the 
latter it is usually diminished. 

(c.) The curve is chiefly affected by the methyl compounds, on which it is usually 

lower and longer, and shows increased viscosity. It seldom displays the strong 

tendency to the double hump form which is so common amongst the iodides. 
In the ethyl compounds the curve is usually somewhat exaggerated in relationship 

to the normal. 

(d.) The failure of the nerve occurs somewhat sooner than that of the muscle. This 

is much more marked in the methyl than in the ethyl compounds. 
On summing up those results, it appears that the iodides paralyze motor nerves 

more quickly than either chlorides or sulphates. We did not observe any marked 
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difference between the paralyzing action of the corresponding chlorides and sulphates. 

In the case of the muscle we notice that the irritability is increased, as a rule, in 

poisoning by the chlorides; is sometimes increased and sometimes diminished by the 

sulphates; and, as a rule, though with some exceptions, it is decreased by the iodides. 

The contractile power of the muscle, as shown by the extent and duration of tetanic 

contraction on direct stimulation, appears to be least affected by the chlorides; some¬ 

what more so by the sulphates ; and most of all by the iodides. The alterations 

in the form of the curve have already been described in detail. 

Variations amongst the Ethyls and Methyls. 

The least operative compounds examined were the diethyls and triethyls. Thus, in 

these alone, in the case of the iodides and sulphates, wTas minimal irritability equal to 

or greater than the normal. 

(a.) In the case of the chlorides, however (in which the ethyls, methyls, di- and 

trimethyls only were examined), there was not a material difference between the 

corresponding compounds. 

(b.) Amongst the iodides there is a strong tendency to loss of irritability of the 

nerve with all the compounds, but this is pre-eminently the case with the tetraethyl- 

and tetramethyl-ammonium iodides, /which have an extremely powerful paralyzing 

action. The methyl compounds appear, however, to be operative in a slightly 

smaller dose. 

(c.) The smaller group of the chlorides does not present such striking variations, 

but the corresponding methyls are slightly more active than the ethyls. 

(d.) Amongst the sulphates we find the ethyls more often to produce an exaggerated 

single curve and an increased tetanus than do the methyls. There may, however, as 

shown in the chart of trimethyl-ammonium sulphate, be an increase in tetanic con¬ 

traction as a result of stimulation in an early stage of poisoning. 

(e.) The methyl compounds of the sulphate group are decidedly more fatal to 

the irritability of the nerve than are those of the ethyls. 

(/.) Ethylamine showed development of tetanic spasms 70m after injection. There 

was a gradual failure of reflex and circulation. 

There was increased irritability to both direct and indirect stimulation; the curve 

was higher, longer, and showed increased viscosity. 

Triethylamine—gradual failure of reflex and of circulation. Increased viscosity of 

the muscle was observed, without a marked lengthening of the curve. 

Trimethylamine—gradual failure of reflex and of circulation. Increased irritability 

and increase of viscosity. The curve is equal to or shorter than the normal. 

The methyls are more active than the corresponding ethyls. The methyls, amyls, 

and ethyls are more effective than the corresponding di- and tri- compounds. The tetra 

compounds are, however, most so of all. 
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Action of Salts of the Alkaline Group on Muscle and Nerve, and a 

Comparison of their Actions with that of Ammonia. 

Tlie bodies usually included in the group of alkalies are, in addition to ammonia, 

lithium, sodium, potassium, rubidium, and caesium: these are all monads. Mexdelejeff 

includes in the monad group copper, silver, and gold, in addition to the substances 

just mentioned; but there is such a well marked difference between the general 

properties of the metals last mentioned and those of the alkalies that we have not 

included them in our research. 

On comparing the general action of ammonia with these substances, the first thing 

that strikes us is that ammonia is the only one which has any tetanising action. 

Sometimes reflex action seems to be a little excited at first in poisoning by potassium 

and rubidium, but this excitement is slight, soon passes off, and is succeeded by 

torpor. 

In the case of sodium, lithium, and caesium, the symptoms in Frogs are those of 

gradually increasing torpor. 

Sodium has no action at all in small quantities, but in concentrated solutions 

appears to paralyze nerve centres, nerves, and muscles, all at the same time. Lithium, 

rubidium, and caesium have a tendency to affect either the upper part of the spinal 

cord or the higher motor centres connected with the lore limbs, as in poisoning by 

lithium and caesium the reflex disappears sooner from the arms than from the legs, 

and stiffness was noticed in the arms in poisoning by lithium and caesium, though no 

distinct spasm was observed. The motor nerves are not paralyzed by sodium or 

rubidium, but with these exceptions they are paralyzed to a greater or less extent 

by the other substances belonging to this group. Lithium and potassium are most 

powerful, 

In considering the effect of the alkalies, and still more, perhaps, in the case of the 

alkaline earths, we have carefully to distinguish between the action of the poisons 

on the active contraction of muscle and on the residual shortening, which continues 

for a greater or less time after the contraction has passed. 

To this shortening we have sometimes given the name of viscosity, at others, 

and more generally, we have employed the term used by German and French writers, 

contracture. 

In regard to active muscular contraction also, we must note both the height of 

the curve, indicating the amount of contraction and its length, indicating the length 

or duration of contraction. The exact difference between the action of the various 

substances will be seen more in detail by a glance at the accompanying tables and 

curves. 

But we may here state generally that the contractile power of the muscle, as shown 

by the height of the curve it describes, is increased by ammonium, potassium, and 

sometimes by rubidium and caesium. 
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It is occasionally increased by sodium, but is otherwise unaffected, excepting in 

large doses, and it is diminished almost invariably by lithium. 

The duration of the contraction, as shown by the length of the curve, is increased 

by large doses of rubidium (Plate 8, fig. 8, a, b, c), ammonium (Plate 8, fig. 9, 

a, b), sodium (Plate 8, fig. 10, a, b, c), and caesium (Plate 8, fig. 11, a, b). It 

is shortened by ammonium (Plate 8, fig. 12, a, b), lithium (Plate 8, fig. 13, a, b), 

rubidium, and potassium (Plate 8, fig. 14, a, b, c). It wfill be seen from this 

enumeration that rubidium, ammonium, and sodium have a double action, sometimes 

increasing and sometimes diminishing the length of the contraction. In the case 

of rubidium and sodium the difference of action depends upon a difference of dose, 

small quantities tending to shorten the contraction, while large doses lengthen it. 

Prolonged contraction is accompanied, as we have already mentioned, by an increase 

of contractility in the case of rubidium, but by a diminution in the case of sodium, as 

shown by the height of the curve. The double action of ammonia does not seem to 

us to depend entirely on difference of dose, but rather to the ammonium having- 

two different kinds of action. 

The residual shortening, viscosity, or contracture, which sometimes succeeds an 

active contraction, is increased by large doses of rubidium, ammonium, lithium, 

and sodium. It is diminished by rubidium in small doses, ammonium, caesium, 

and potassium. Here, again, the different action of ammonia does not appear to us 

to depend entirely on difference of dose. 

Its double action appears to form, to a certain extent, a connecting link between 

the action of some members of the alkali group, such as potassium, and that of 

members of the group of alkaline earths. 

The relations between the various members of the present group have to be 

considered more fully in a subsequent section, because we find that some members 

of it, while having a somewhat similar action on normal muscle, will yet antagonise 

each other’s action, and although either of them given alone will lengthen the muscular 

curve, the lengthening will be abolished, and the curve reduced to the normal, by the 

administration of the two together. 

Action of Substances belonging to the Group of Alkaline Earths 

and Earths. 

The metals which we have examined belonging to the group of alkaline earths are 

calcium, strontium, and barium; and to that of the earths beryllium, yttrium, didy- 

mium, erbium, and lanthanum. The first three are dyads. Beryllium is also a dyad. 

The atomicity of the last four is not determined. Possibly they are all triads, though 

lanthanum has been grouped by Mendelejeff amongst the tetrads. The first point 

of difference that we notice about this large group is that it may be subdivided into 
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two sub-groups :—(a) containing beryllium, calcium, strontium, and barium; and 
(6) containing yttrium, didymium, erbium, and lanthanum. 

In group (a) we notice a tendency to increased reflex action. In this particular it 

agrees with ammonium, but differs from members of the alkaline group. We have 
already noted that, in some members of the alkaline group, a slightly increased reflex 
action might be observed at the commencement of the poisoning, but this is consider¬ 
ably less than in the case of most of the members of group (a), with the exception of 
barium. Excitement of the spinal cord is most marked in poisoning by beryllium; 

next come strontium and calcium; and lastly barium, in which excitement, if present 
at all, is very slight. 

In group (b) reflex action in the cord is not increased, nor does it appear to be very 
much diminished till the last. In this group, however, the higher centres appear to be 
paralyzed. We infer this from the fact that yttrium greatly diminishes co-ordinating 
power in the Frog, rendering the movements ataxic, and causing the animal to lie with 
the legs fully stretched out, although neither muscle or nerve is paralyzed. Didy¬ 
mium, erbium, and lanthanum all have a similar action. 

In regard to their action on motor nerves, we notice the same well marked division 
into two groups as in their general action : beryllium, calcium, strontium, and barium 
all paralyzing the motor nerves to some extent. Lanthanum has also a paralyzing 

action, but yttrium, didymium, and erbium have non6. In this respect these three 
bodies agree with sodium and rubidium, and differ from all the others belonging to 
these two groups which we have examined. 

In regard to their action upon muscle, we do not find that these bodies can be 
so readily subdivided into two well marked sub-groups. 

The contractility of muscle, as shown by the height of the curve, is greatly increased 
by barium (Plate 8, fig. 15, a-cl), and occasionally, to a small extent, by erbium 
(Plate 8, fig. 16, a, b) and lanthanum (Plate 8, fig. 17, a, b). It is sometimes 

increased and sometimes diminished by yttrium (Plate 8, fig. 18, a, b) and calcium 
(Plate 8, fig. 19, a, b, c). It is diminished by didymium (Plate 9, fig. 20, a, b), 

strontium (Plate 9, fig. 21, a, b, c), and beryllium (Plate 9, fig. 22, a, b; fig. 23, a, b). 

We have found that the small variations occurring in the extent of contraction are 
best observed when the poison is applied locally in the form of solution. Where the 
muscles have been examined of an animal completely poisoned with the substance, the 
ultimate, rather than the primary result, is obtained. 

The duration of the contraction, as shown by the length of the curve, is increased 

by barium, calcium, strontium, yttrium, and erbium. It is unaffected, or slightly 
diminished, by beryllium, didymium, and lanthanum (see figs. 17, 20, 22). It is obvious 
that the action of the rarer metals beryllium, erbium, didymium, lanthanum, and 
yttrium is but feeble in any direction when compared with the effect of calcium, &c. 

The contracture is increased by barium, calcium, strontium, yttrium, and beryllium. 
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Contracture produced by barium is enormous (Plate 9, fig. 24, a-g). When the drug is 

locally applied its curve resembles greatly that produced by veratria (Plate 9, fig. 24, b). 

It appears to us to be an interesting fact that an inorganic element and an organic 

alkaloid should have such a similar action. Their action coincides also in the modifica¬ 

tions which it undergoes by heat and by potash. The barium contracture, like that 

caused by veratria, is abolished by cooling the muscle down, or by heating it con¬ 

siderably above the normal. The contracture may be permanently removed by 

cooling down, so that it does not return when the muscle is again raised to the 

normal temperature. Like the veratria contracture, however, it is abolished much 

more certainly by heat (Plate 9, fig. 24). There is a more marked tendency for 

the barium contracture to relax suddenly than that caused by veratria. It is also 

more easily abolished by repeated stimulation. 

In regard to the effect of these drugs on contracture, the same differences are to be 

observed between their action when injected into the circulation and when locally 

applied that we have already mentioned in regard to the active curve. In the 

accompanying diagram we have arranged some of the more important substances 

Contracture. 

Increased. Diminished. 

Altitude of Curve. 

Lowered. Heightened. 

Active Curve. 

Lengthened. Shortened. 

belonging to the alkalies and alkaline earths so as to show their action upon muscle 

graphically. It will be seen that they tend to form a series, the two ends of which 

present some points of approximation, ammonium appearing to form a connecting link 

between barium and potassium. 

It will be noticed that the substances here do not arrange themselves according to 

their atomic weight, nor yet according to their atomicities. We hope, however, to be 

able to consider this point more fully at a future time. We subjoin a table showing 

the relative position of the elements in regard to their action on motor nerves and 

muscles. 

2 G MDCCCLXXXIV. 
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Table showing the relations of the Alkalies and Alkaline Earths as Poisons to 

Nerve and Muscle. 

The most powerful paralyzers of motor nerves are put at the head of the column, 

and the others follow in the order of decreasing activity. 

Those bodies which increase most the height and duration of muscular contraction 

and of muscular contracture are placed at the head of the corresponding columns, and 

at the foot are those which reduce them most. 

Muscle. 

Motor nerves. i 

Height of 
contraction. 

Duration of 
contraction. Contracture. 

nh4 Ba Ba Ba 

L Rb Rb Rb 

K nh4 nh4 nh4 

Be Er Na Na 

Ca K Ca Ca 

Sr Cs Sr Sr 

Ba La Yt L 

Cs Yt Cs Yt 

La — Er Be 

— Ca — Di 

Er Na Be Er 

Di — Di Rb 

Yt Di Lei nh4 

Rb Sr — Cs 

Na Be nh4 La 

L L K 

Rb 

Na 

K 
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Action of elements upon general condition of organism as a poison acting gradually. 

Substance. 
Proportion to gramme of body-weight of Frog in 

which element acts as a poison. 

Potassium chloride. . . -0013 

Beryllium choride . . . -0013 

Rubidium chloride . . . -0013 to 0015 

Barium chloride . . -0013 

Ammonium chloride . . -0015 

Caesium chloride . . -0021 

Lithium cloride . . . -0023 to -0032 

Lanthanum chloride . . -004 

Didymium chloride . . -0042 

Erbium chloride . . -006 

Strontium chloride . . -0055 to -0075 

Yttrium chloride . . -009 

Sodium .... . . -0095 

Calcium .... . . -013 to -017 

Monads. Atomic weights. Dyads. Atomic weights. 

Potassium . .... -0013 39-10 Beryllium . . -0013 9-4 

Rubidium . .... -013 to 15 85-4 Barium . .-0013 13-7 

Caesium. .... -0021 13-3 Lanthanum .-004 93-6 

Lithium .... -0023 to 32 7 Didymium . .-004 95 

Sodium . .... -0095 23 Erbium . .-006 112-6 

Strontium . . -0065 87-6 

Yttrium . .-009 61-7 

Calcium. .-013 40 

On the Action of Alkali and Acid on Muscle.'1' 

The remarkable results obtained by Gaskell upon the action of very dilute acids 

and alkalies on the blood-vessels, induced us to examine the action of similar solu¬ 

tions upon voluntary muscle. Gaskell found that alkalies cause contraction, 

and dilute acids relaxation, of the involuntary muscular fibres of the blood-vessels. 

Our observations show that this is also the case with voluntary muscular fibre, 

but, in addition, we note that acids beyond a certain strength cause a permanent 

contraction. 

We tested the action of dilute acids and alkalies on muscle in two ways:—first 

by applying them directly to the muscle, and secondly by causing them to circulate 

artificially through the vessels supplying it. As water alone has a destructive action 

on muscular fibre, the acid and alkali was in all cases added to a 0'75 per cent, 

solution of sodium chloride. 

The muscle-chamber designed by one of us (Cash), which was used in these and many 

other experiments, consists of a glass cylinder 3 centims. broad, 7 centims. long, and with 

* This part of the paper was received Jane 15, 1881, but publication was deferred. 
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a capacity of about 40 cub. centims. Tubes (a)* for the ingress and egress of the fluids 

are let into the sides of the cylinder, two above and one below. The upper end of the 

cylinder is fitted accurately with a stopper made of cork and vulcanite. The vulcanite 

lid (b) and the cork have an opening in the centre, which can be completely closed by 

means of a brass sliding clamp (c), which is moved by a screw (cl) provided with a 

milled head. This slide-clamp holds securely the femur, if the gastrocnemius of the 

Frog be used; the illium, if the triceps. A binding-screw (e) is attached to the brass 

arm of the clamp, and this receives one of the wires of the secondary coil for direct stimu¬ 

lation. The second connexion with the muscle is effected by means of a Jong and very 

fine coiled wire (f), which is in contact above with another binding-screw situated on 

the vulcanite cap, and below with a trout hook (g) bent into an S shape, on to which 

the wire is whipped. The lower end of the S is connected with the thread or gut 

which passes through the lower end of the cylinder to the lever. A second pair 

of binding-screws on the vulcanite lid are connected with platinum electrodes 

supported on a vulcanite back (h) which projects into the cylinder. These are 

intended for indirect stimulation of the muscle. Finally, the stopper carries a groove 

round the central opening, into which a metal cap (i) fits; application of this cap, 

when the groove has been filled with a drop of oil, renders the upper opening 

practically air-tight. The stopper is of course removed when a preparation for 

examination is placed in the chamber. The lower end of the cylinder is permanently 

closed by a stopper of wood or vulcanite, which is cemented into position. It contains 

two openings: the first, that of a small tube (k), through which a few drops of oil 

may be introduced when it is desired to make the chamber absolutely air-tight, as in 

experiments on the action of gases upon muscle; the second serves for the trans¬ 

mission of the thread or strand of gut which connects the lever and the tendon of the 

muscle. It is made from a piece of thick-walled glass tubing (/) of 1 centim. in length, 

drawn out with an hour-glass contraction in the middle. The calibre at the con¬ 

striction is such that a strand of very fine silk, or the best drawn trout gut just passes 

through it, and no more. When the cylinder is filled with liquid the inner surface of 

this capillary tube becomes moistened, and it is found, whilst all friction is obviated, 

the escape of fluid may be reduced to such an extent that twenty or thirty drops 

only may flow out in the twenty-four hours. We have repeatedly used the chamber 

in experiments extending over twelve hours, and found it practically full at the end 

of the experiment. 

One of the upper openings in the wall of the cylinder is connected, by means of 

a T-tube, with two or more funnels, which contain : (l) the poison or poisons in 

solution to be tested; (2) normal salt solution for washing out the cylinder. The 

tubes connecting these with the cylinder are controlled by clamps. In order to avoid 

escape of current, the fluid in the cylinder is run off before stimulation is applied. 

The nerve can, however, be stimulated whilst the muscle remains in the solution. 

* The letters apply to both diagrams A and B, Plate 10. 
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Further, by regulating the height of the fluid the nerve can be exposed to the 

action of the solution, or kept free from it. The chamber is enclosed by a belt (m) 

connected with a rod, which fits into a nut sliding up and down on a steel upright. 

The lever is connected with the muscle in the usual manner, and its axis moves, 

together with the chamber, upon the rod of which it is clamped. By certain modifica¬ 

tions this chamber is heated or cooled, so that the effects of variation of temperature 

upon the poisoned muscle may be easily studied. It is also possible to test the 

effect produced not only by hot and cold air, but by solutions gradually heated or 

cooled to any desired extent. 

As already mentioned, the apparatus serves the purpose of testing the effect of 

gases and vapours on muscles very satisfactorily. 

This mode of application was chosen on account of the obstacles to the circulation of 

alkalies in the muscle, and also because Yon Anrep'"' asserts (l) that the action of 

a solution thus locally applied is the same as when the solution has been made to 

circulate through the tissues. Gaskell has privately communicated to us the same 

result, and numerous experiments of our own have confirmed these statements. 

Yon Anrep, in investigating the action of potassium upon muscle, found that it 

caused, either when applied locally or through the circulation, a decided shortening of 

the muscle, which in a few minutes reached its maximum. This shortening is inde¬ 

pendent of the action of the spinal cord, for it occurs whether the muscle remains in 

connexion with the cord, or whether the nerves be cut. The shortening has no relation¬ 

ship to the irritability of the muscle. The irritability of a muscle through which a 1 per 

cent, solution of potash is circulated for fifteen to twenty minutes is quite abolished, 

while the shortening persists; occasionally a slight elongation is seen, in place of a 

shortening. On the other hand, he found that sodium has not this effect on muscle. 

Effects of Acid and Alkali applied externally to Muscles at rest. 

Dilute solutions of potash and soda, containing from one part in 4,000 to one 

part in 8,000, cause shortening of the muscle. The contraction produced by soda 

was slightly greater in our experiments than that caused by potash, the solutions 

applied being of equal strength, and for an equal time. 

Lactic acid, in very dilute solution of 1 to 8,000 or more, seems to tend to elongate 

muscle which is loaded with a slight weight. 

A solution of chloride of sodium alone, however, also causes relaxation of the muscle, 

and the continuous application of a slight weight has a similar effect. 

Less dilute solutions of lactic acid, 1 in 4,000 or stronger, causes passive shortening 

of the muscle, and this is occasionally accompanied with fibrillary twitchings. Dilute 

solutions of lactic acid cause relaxation of the muscle which has been shortened by 

potash or soda. 

There is a fairly balanced antagonism between lactic acid 1 to 8,000, and soda 

* Pfluger’s Archiv., vol. xxi., p. 226. 

2 H MDCCCLXXXIV. 
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1 to 3,000. Solutions of from 1 to 10,000 to 1 to 12,000 have both a slight power of 

counteracting the power of soda, and of lengthening the muscle; but 1 to 8,000 is 

the weakest dilution which is reliable for this purpose when applied externally. 

Normal salt solution has a distinct power of removing the shortening produced by 

soda, but its action is much more limited, and less complete than that of lactic acid. 

External application of dilute acids and alkalies to contracting muscle (Plate 9, figs. 25, 

26, 27). Soda and potash in solutions up to 1 in 8,000, or 1 in 10,000, cause a tonic 

shortening of the muscle, and may, at first, increase the height of its active contraction. 

Lactic acid in dilute solutions of 1 in 10,000, or weaker, may cause elongation to a 

muscle which has already soaked for some time in a salt solution. A solution of 

1 in 10,000 may cause at first a slight increase in the excitability and increased height 

of contraction, but this soon disappears. In dilutions between 1 in 8,000 and 1 in 

2,000 it causes eventually shortening of the muscle, with occasional fibrillation and 

rapid diminution of the extent of active contraction. At the same time that the 

contrantile power is diminishing, the muscle exhibits increasing viscosity. This is 

shown by a slight elevation of the basal line when the stimuli succeed each other 

with sufficient frecjuency. 

The permanent shortening caused by the application of an alkali is usually diminished 

by the subsequent application of lactic acid. After the diminution has occurred active 

contraction becomes feebler. 

Plate 9, fig. 25, shows the result of admitting soda solution 1 in 2,000 to 

the chamber containing a muscle which is being periodically stimulated through its 

nerve. (The solution almost entirely covers the muscle, but the nerve lying on the 

electrodes is above its level.) Plate 9, figs. 26 and 27, show the action of 1 to 4,000 

and 1 to 5,000 soda solutions on the acting curarised muscle. Here stimulation was 

of course direct, and the probable escape of current is therefore to be borne in mind. 

In both cases the subsequent action of lactic acid is shown, viz., a reduction of the 

basal line, and ultimately a fall in the altitude of the contraction. 

Action of Acids and Alkalies when circulated through the Muscle. 

The method employed was to pith and curarise a frog. A canula was then inserted 

into the aorta and connected with a branching tube, through which acid, alkaline, or 

salt solution could be supplied from a series of funnels. By elevating or depressing 

the funnels the pressure by which the circulation was carried on could be increased 

or diminished. Excepting when otherwise stated it was always effected at as low 

a pressure as possible. The condition of the muscle was registered by means of 

Marey’s myograph. The triceps was found to be the most convenient muscle for 

this series of experiments on account of its great vascularity. 

Moderately dilute solutions, both of acids and alkalies 1 to 4,000, after circulating 

for some time, caused the muscle to shorten. Galvanic stimulation to the muscle 

increases this effect, both of these solutions and also of weaker ones. It frequently 
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happens that a muscle which exhibits little or no shortening before stimulation, 

becomes progressively shortened after a number of stimuli have been applied, until 

the basal line of the curve it describes is far above the normal. 

The pressure which is sufficient for the circulation of an acid solution, as a rule, 

quickly becomes insufficient to maintain the free circulation of an alkaline solution. 

This is to be expected from the fact that an alkali causes contraction of the involuntary 

muscular fibres of the vessels, and is in unison with Gaskell’s observation. 

The first effect of an alkaline solution, as a rule, is to increase the contractility of 

the muscle on stimulation ; the same stimulus producing a greater contraction than 

it would in the muscle without such circulation. A gradual shortening of the 

muscle, independently of any active contraction, is produced by the alkaline solution : 

this is shown by the rise of the basal line in the curve. After the circulation has 

been maintained for some time, both the contractile power and the irritability of the 

muscle decrease; the height of the contraction occurring on stimulation not being so 

great, and a stronger stimulus being required. 

Plate 9, fig. 28, a, 6, c, is introduced to show the fibrillation and temporary 

shortening which may occur upon the first stimulations of a muscle through which 

lactic acid has been some time circulated. 

Plate 9, fig. 29, a, b, c, shows that the elevation of the basal line, caused by the 

circulation of soda (1-20,000), is to a large extent reduced by the subsequent cir¬ 

culation of lactic acid 1-10,000. The altitude of the contraction is likewise reduced. 

Lactic acid, when circulated through the muscle, frequently causes fibrillation, and 

at first shortening of the muscle after fibrillation : there may, however, not be any 

shortening. 

Usually the height of the contractions diminishes rapidly on repeated stimulation ; 

sometimes, though quite exceptionally, the irritability of the muscle is increased at 

first, and the contractions resulting from stimulation may be at first more extensive 

than those of the normal muscle. 

(Edema of the muscle is occasionally observed as a consequence of the circulation of 

acid through the vessels ; this is unusual after the circulation of alkalies. The impaired 

contractile power eventually produced by the circulation of either alkali or acid 

through a muscle may be restored to a greater or less extent by the circulation of a 

fluid having an opposite reaction. The completeness of the restoration depends upon 

various circumstances, amongst which we may mention the cedematous condition of the 

muscle, which we have already noticed as occurring from the circulation of acids. 

Our experiments on the muscles of the Frog have thus shown a very marked 

antagonistic power between acids and alkalies, or perhaps to speak more definitely, 

between solutions of potash or soda and lactic acid. It seemed advisable to make 

some experiments on the muscles of warm-blooded animals, in order to discover 

whether the same antagonism was to be found in them : for this purpose we chose 

the gastrocnemius of the Cat. The solution to be investigated was warmed to 40° C, 

2 h 2 
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and then passed through the limb by means of a canula inserted into the femoral 

artery. The muscle was stimulated from the sciatic nerve, the leg being' previously 

fixed by a clamp. The muscle was extended by a weight of 40 grammes attached 

by a cord working over a pulley ; this was allowed to remain constantly attached in 

some experiments to ascertain alterations in the length of the muscle due to the fluids 

circulated. In several cases it was applied for two minutes before each tracing. 

Plate 9, fig. 30, shows the effect of acids and alkalies. 

(a.) The lever recorded (multiplies 4 times) contractions of 12'5 millims., an opening 

and closing shock every 4". 

(b.) After alkali 1-20,000 had circulated 10m the basal line showed a shortening of 

8 millims. The active contraction was 13 millims. Ten minutes after this tracing 

had been taken the flow, which had previously been free from the femoral vein, 

became very slow, and remained so under a considerable increase of pressure. 

(c.) Lactic acid 1-10,000 restored the circulation and reduced the contraction. The 

active contraction of the value of 12 millims. 

(cl) Alkali circulated 20m has raised the basal line 10'5 millims., but shows an active 

contraction of less than 10 millims. 

(e.) After 60m circulation the basal fine is still 10’5 above the normal, but the active 

contraction has increased to 11*5 millims. 

There is here, then, a great similarity of action in the case of acid and alkali 

circulated through the vessels of cold and warm-blooded animals. 

General Results of Experiments on the Action of Acid and Alkali on Muscle. 

The experiments just described show that dilute alkalies, potash, and soda cause 

shortening of muscle, which is antagonised by dilute solution of lactic acid. Since 

the preceding section of this paper was sent in to the Royal Society we have made 

some further observations on this subject, and from an examination of the curves 

it will be seen that, by the alternate application of alkali and acid, a muscle may be 

made to describe on a slowly revolving cylinder a curve very nearly resembling that 

described on a rapidly revolving cylinder by a normal muscle when stimulated. Other 

tracings show that this curve may be modified very nearly at will by altering the 

proportions and duration of the alkali and acid. Curves may be thus described which 

resemble those drawn by muscles stimulated after they have been poisoned by barium, 

rubidium, and other substances of the groups we have examined. In these curves we 

see produced by varying the application of the opposing solutions the same prolonged 

contraction, the tendency to an exaggerated secondary hump, and increased contracture. 

We cannot at present draw from this a definite conclusion, but it is suggestive of 

the question—Does the normal contraction of muscle and its subsequent relaxation 

depend upon such alterations in its saline constituents as to make them play at one 

time the part of an alkali, and at the other the part of an acid \ 
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Plate 9, figs. 31 and 32, show the relative effects of solutions of 1 to 3,000 caustic 

soda solution (Plate 9, fig. 31) and caustic potash solution (Plate 9, fig. 32) upon 

resting muscle. The tracings were taken upon a slowly revolving cylinder. Each 

centimeter of the tracing represents 5m. The lever, which multiplies fourteen times, 

exercises a constant traction of 10 grms. on the muscle. Fresh solution was added 

where stars are placed in the course of the curve. It will be seen that the shortening 

effect produced by caustic soda in 50m, during which the solution was renewed every 

10m, is slightly greater than is the case with the companion muscle treated with 

caustic potash of the same strength. The curves, however, show a very close similarity 

throughout. The commencing relaxation caused by the substitution of 1 to 1,000 

lactic acid is seen in each case. 

The very gradual shortening of the muscle upon the first application of potash 

and soda is, to some extent, due to the fact that the muscles had been previously 

curarised. When curara has not been previously employed the first application of 

dilute solutions causes a more rapid primary contraction, though the total effect of 

the application may not be greater, if as great as in the curarised muscle. Plate 9, 

fig. 33, gives the effect of a stronger solution of soda, i.e., 1 to 2,500, and the sub¬ 

sequent relaxation it undergoes upon the application of 1 to 500 lactic acid, 

Plate 9, figs. 34 and 35, give the action of soda 1 to 4,000, and potash 1 to 6,000, 

with partial relaxation consequent to lactic acid. That lactic acid itself causes 

shortening, if of a certain strength, is shown in Plate 9, fig. 36, when 1 to 1,000 

solution of the acid causes in 25m a shortening of 4 millims. in the curve, or of 

*3 millim. in the muscle. 

The application of potash reduces this shortening to some extent, and then, its 

own action being no longer balanced, causes the muscle to contract rapidly. The 

converse of this is seen in Plate 9, fig. 37, when the alkali is first applied, and the 

acid 1 to 500 causes a relaxation, and then a shortening of its own. To cause a 

complete relaxation a higher dilution is necessary. 

Plate 9, figs. 38 and 39, give tracings of passive shortening or lengthening with an 

active contraction (maximal stimulation) taken at intervals superimposed. 

Plate 10, fig. 40, a, b, c, illustrates the change of form the normal muscle curve 

undergoes when treated with an alkali local application. The first “ hump ” of the 

active contraction is increased in altitude; the second “ hump ” or elevation after 

the notch is reduced. Owing to this reduction the curve is shortened. A passive 

shortening of the muscle is seen at c, and is, in point of fact, less than is usually 

produced by solutions of these strengths. 

The effect of lactic acid applied in the same manner is shown in the series a, b, c. 

Plate 10, fig. 41. Here also the second portion of the curve is reduced, and the 

relaxation becomes much more rapid. After 60m in lactic acid 1 to 2,500, a slight 

contraction of 1*5 millim. is observable. 

Plate 10, fig. 42, a, b, c, cl, e, gives the action of potash on the normal muscle, to a 
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large extent counteracted by lactic acid, and the subsequent passive shortening of the 

muscle under the non-balanced action of a strong solution (1 to 500) of the acid. 

On the relative action of Alkalies and Alkaline Earths on Muscle. 

We cannot enter here into a full consideration of the antagonism which certain 

members of these groups show with regard to the action of other members, but we 

may briefly state a few of the most striking facts. Thus potassium shortens the 

lengthened curves of veratria, barium (Plate 10, fig. 43), calcium, strontium, of large 

doses of sodium and of lithium (Plate 10, fig. 44), and reduces the contracture which 

they have caused. Sodium, which we have shown in large doses to cause a 

lengthened curve with increased contraction, adds to the length of calcium and 

strontium when applied in strong solutions. Barium, when it has produced its 

lengthened veratria-like curve, is, however, counteracted by almost all the substances 

which tend to produce a shorter curve. Thus calcium and potassium both of them 

lessen its altitude, and abolish its contracture. A remarkable antagonism, however, 

is that existing between rubidium and barium. The veratria-like curve which the 

former has been shown to cause when in strong solution is completely reduced by 

the application of a solution of barium, of such a strength as would, if applied by 

itself in the first instance, have caused a similar, though more extensively varied, 

curve. It is to be noted that in this antagonism, as in many others, the muscle yields 

a reaction closely similar to the normal before it develops the characteristic curve 

which is associated with the substance used to antagonise. 

With two substances of closely-allied action we sometimes find, as in the case of 

calcium and strontium, an addition of effect (Plate 10, fig. 45) without any reduction 

having taken place. It would appear that in some cases we get the two substances 

which have a similar action, at one time aiding one another, in other cases neutralising 

one another. It is hard to say what the cause of this curious result is, and any 

explanation of it must be at present entirely hypothetical. At present our data 

are too limited to allow us to formulate any general rule regarding antagonism. 

We may, however, mention some antagonisms which are at any rate curious. 

(1) Calcium reduces the barium curve to the normal, or thereabouts, before it 

causes its own peculiar form of curve. 

(2) Rubidium in strong solutions has the same effect as barium in causing a veratria- 

like curve. 

(3) Sodium usually produces with lime, not a shortening of the curve, but an 

increase of the after-action (contracture) which is often seen in the lithium muscle. 

(4) Potash lengthens the curves of didymium and lanthanum. 

(5) Lithium increases calcium effect, and calcium increases lithium effect. 

(6) Potassium opposes strontium. 

(7) We have drawn attention to the antagonism of barium to rubidium (when the 
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latter develops in strong solution a veratria-like curve), and also that potassium is 

antagonistic to barium. 

(8) Sodium, in strong solutions, may reduce the lithium contraction before the 

death of the muscle occurs. 

Although we have at present considered the action of ammonia, compound ammonias, 

alkalies, and alkaline earths, on voluntary muscle only, we have made a number of 

experiments which seem to show that their action on involuntary muscular fibre is 

very similar, e.g., barium causes a very great prolongation of systole in the Frog’s heart, 

just as it prolongs the contraction of voluntary muscle. These results we intend to 

investigate more fully, and hope to publish them hereafter. 

All attempts to establish a relationship between atomic weight and physiological 

action have hitherto failed. It may be that this failure has resulted from the lethal 

activity on the organism, as a whole, having been taken into consideration, whereas 

different substances may cause death by acting on different structures. We think that 

by the method here pursued of investigating their relationship to one or two structures 

only, and by a careful comparison of their actions, some definite connection may yet be 

established, and we hope that the results which have been recorded may serve as a 

contribution towards this end. 

Perhaps they may also serve to throw some light on the curious subject of the 

different reactions of different organisms to the same drug, but this also we purpose 

to follow up in a further research. 

We desire to acknowledge most gratefully the great kindness of Professor Ranvier, 

who placed his laboratory at our disposal, and afforded us every facility for carrying 

out there the experiments on warm-blooded animals, and also on unpithed Frogs, 

which are rendered so difficult in this country by the present state of the law. 

Explanation of Figures. 

PLATE 8. 

The figures represent the curves obtained by registering the contraction of the 

gastrocnemius of the Frog (Rana Temporaria) on a revolving cylinder. 

Fig. 1. Frog poisoned by 1 drop 10 percent, solution of dimethyl-ammonium chloride. 

a. Ligatured leg. 5s tetanus, direct stimulation of gastrocnemius. 

b. Ditto. Indirect stimulation. 

c. Poisoned leg. Direct stimulation. 

d. Ditto. Indirect stimulation. 
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Fig. 2. Frog poisoned by tetramethyl-ammonium iodide. 

a. Ligatured leg. Ten stimulations* (direct) of gastrocnemius, one stimu¬ 

lation every 1'5S. 

b. Poisoned leg. Ditto. 

Fig. 3. Frog poisoned by large dose ('2 grm.) amyl-ammonium iodide. 

a. Ligatured leg. Ten stimulations (direct) of gastrocnemius, one stimula¬ 

tion every L5S. 

b. Poisoned leg. Ditto. 

c. Poisoned leg. Single curve, indirect stimulation. 

Fig. 4. Frog poisoned by trimethyl-ammonium iodide. 

a. Ligatured leg. Ten stimulations (direct) of gastrocnemius ; curves of 

direct and indirect stimulation are equal; one stimulation 

every 1'5S. 

b. Poisoned leg. Ditto. Direct stimulation. 

c. Poisoned leg. Ditto. Indirect stimulation. 

Fig. 5. Frogs poisoned by tetraethyl-ammonium iodide. 

a. Ligatured leg. Single stimulation of gastrocnemius (direct). 

b. Poisoned leg. Ditto. The nerve is no longer irritable. 

c. Case of profound poisoning. Direct stimulation of gastrocnemius. 

Fig. 6. Frog poisoned by dimethyl-ammonium sulphate ('25 grm.). 

a. Ligatured leg. Direct and indirect stimulation. 

b. Poisoned leg. Direct stimulation. Nerve no longer irritable. 

Fig. 7. Frog slightly poisoned by trimethyl-ammonium sulphate (T grm.). 

a. Ligatured leg. Tetanus 5s, direct stimulation. 

b. Ligatured leg. Ditto, indirect stimulation. 

c. Poisoned leg. Tetanus 5s, direct stimulation. 

cl. Poisoned leg. Ditto, indirect stimulation. 

Fig. 8. a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 5m in 1 per cent, chloride of rubidium solution. 

c. Ditto. After 15m in '75 per cent, chloride of calcium solution. 

Fig. 9. a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 20m in 1-1000 chloride of ammonium solution. 

Fig. 10. a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 30,n in 2 per cent, solution chloride of sodium. 

c. Ditto. After 45m in ditto. 

Fig. 11. Frog poisoned by *02 grm. chloride of caesium. 

a. Ligatured leg. Direct stimulation. 

b. Poisoned leg. Ditto. 

Fig. 12. a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 15m in T per cent, chloride of ammonium. 

* All single stimulations are by an opening maximal induction stock. 
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Fig. 13. a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 30m in '33 per cent, chloride of lithium. 

Fig. 14. a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 30m in '1 per cent, chloride of potassium. 

c. Ditto. After 30m in '15 per cent, ditto. 

Fig. 15. a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 30m in '25 per cent, chloride of barium. 

c. Ditto. After 45m in ditto. 

d. Ditto. After 15m in ‘25 per cent, chloride of potassium. 

Fig. 16. Frog poisoned by chloride of erbium (slow action of drug). 

a. Ligatured ]eg. Direct stimulation. 

b. Poisoned leg. Direct and indirect stimulation give equal contractions. 

Fig. 17. Frog poisoned by chloride of lanthanum. 

a. Ligatured leg. Indirect stimulation. 

b. Poisoned leg. Indirect stimulation. 

Fig. 18. Frog poisoned by chloride of yttrium (slow action of drug). 

a. Ligatured leg. Indirect stimulation. 

b. Poisoned leg. Ditto. 

Fig. 19. Frog poisoned by ’35 grm. calcium chloride. 

a. Ligatured leg. Indirect and Direct stimulation give equal contractions. 

b. Poisoned leg. Indirect stimulation. 

c. Ditto. Direct stimulation. 

PLATE 9. 

Fig. 20. 

Fig. 21. 

Fig. 22. 

Fig. 23. 

Fig. 24. 

a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 20m in 1 per cent, chloride of didymium. 

a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 30m in •2 per cent, chloride of strontium. 

c. Ditto. After 15ra in ‘5 per cent, ditto. 

a. Normal gastrocnemius. Direct stimulation. 

b. Ditto. After 20m in 1 per cent, chloride of beryllium. 

Frog poisoned by beryllium chloride ('02 grm.). 

a. Ligatured leg. Tetanus of gastrocnemius, direct stimulation. 

b. Poisoned leg. Ditto. Secondary coil at 2 c.m. Indirect stimulation of 

the poisoned muscle did not yield any contraction. 

Action of heat and cold on the barium curve. 

a. Normal gastrocnemius. Direct stimulation, at room temperature 13° C. 

b. Ditto. After 15m in '25 per cent, chloride of barium solution. Tempera¬ 

ture 13° C. 

2 I MDCCCLXXXIY. 
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Fig. 25. 

Fig. 26. 

Fig. 27. 

Fig. 28. 

Fig. 29. 

Fig. 30. 

Fig. 31. 

c. Ditto. Application of barium solution continued. Kept for 15m, cooled 

to 8°'5 C. 

d. Ditto. Heat to 18° C. Reappearance of veratria-like curve. 

e. Ditto. Heat to 20° C. 

f Ditto. Heat to 30° C. The veratria-like curve disappears. 

g. Ditto. Cool to 14° C. There is no return to the veratria-like curve. A 

simple prolonged contraction persists. 

Action of soda on contracting muscle. Solution of 1-2000 admitted at X. 

Stimulation every 2s. 

a. Action of soda, 1-4000, on contracting curarised muscle. Solution 

admitted at X. 

b. Same muscle after exposure to lactic acid, 1-4000, for 40m. Stimulation 

every 2s, direct. 

a. Action of soda, 1-5000, on contracting curarised muscle. Solution 

admitted at X. 

b. Lactic acid, 1-5000, has acted lm on muscle. 

c. Ditto, has acted 5ra on muscle. Stimulation every 2s, direct. 

a. Normal gastrocnemius. One opening and one closing stimulation every 4s. 

b. After G0m circulation of lactic acid through aorta, 1-8000, stimulation 

causes fibrillation and shortening of muScle. 

c. After 30m circulation of soda, 1-6000, the strength of contraction, which 

had been diminished under acid, is restored ; fibrillation has ceased. 

a. Normal gastrocnemius. One opening and one closing stimulation every 4s. 

b. Taken after circulation for 10ra of 1-20,000 alkaline solution. 

c. Taken after circulation for 30™ of 1 -10,000 acid solution. 

Tracing from gastrocnemius of Cat. One opening and one closing stimulation 

every 4s. The solution, heated to 38° C., was circulated under pressure 

through the femoral artery, and allowed to escape by the femoral vein. 

The rest of the limb, with the exception of the sciatic nerve, which was 

exposed for stimulation, was ligatured. A weight of 40 grms. was 

applied 2m before each tracing was taken. Abscisse constant. 

a. Normal contractions. 

b. Alkali, 1-20,000, has circulated 10m. 

c. Acid, 1-10,000, has circulated 60m. 

d. Alkali, as before, 20m. 

e. Ditto, 60m. Flow from venous canula very slow and weak. 

Action of alkali and acid upon resting muscle (curarised). At the first five 

points indicated by X, soda solution, 1-3000, is supplied to muscle in 

cylinder. At the last six points indicated by a X, lactic acid, 1-1000, 

is supplied. The action of the soda was for 47*5,n; that of the acid for 

42m. Change of alkali to acid, or vice versd, in all cases shown by 

double-headed arrow. 
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Fig. 32. Action of caustic potash, 1-3000, for 43™, succeeded by action of lactic acid, 

1-1000 for 42™. 

Fig. 33. Caustic soda, 1-2500, once renewed in 25™, succeeded by action of lactic acid, 

L—500, once renewed in 25™. 

Fig. 34. Curarised gastrocnemius. Caustic soda, 1-4000, twice renewed in 33™, suc¬ 

ceeded by action of lactic acid, 1-1500, once renewed in 25™. 

Fig. 35. Curarised gastrocnemius. Caustic potash, 1-6000, thrice renewed in 46™, 

succeeded by lactic acid, 1-1500, twice renewed in 28™. 

Fig. 36. Curarised gastrocnemius. Lactic acid, 1-1000, four times renewed in 37™, 

succeeded by caustic potash, 1-2500, once renewed in 34™. 

Fig. 37. Action of caustic potash, 1-2500, twice renewed for 13™, succeeded by action 

of lactic acid (1-500) for 18™, and this by action of caustic potash for 

17-5™. 

Fig. 38. Action of caustic potash, 1-4000, for 20™, succeeded by lactic acid, 1-1000, 

48™. The muscle is subjected to maximal stimulation before the change 

of each solution. 

1. Contraction of normal muscle. 

2, 3. Contractions of alkali muscle. 

4, 5, 6, and 7. Contractions of acid muscle. 

Fig. 39. Action of potash, 1-1500, for 18™, succeeded by lactic acid, 1-500, for 24™. 

1. Contraction of normal muscle. 

2, 3, 4. Contractions of alkali muscle. 

5, 6, 7. Contractions of acid muscle. 

PLATE 10. 

Fig. 40. a. Curve of normal gastrocnemius. Direct stimulation. 

b. Ditto. After 10™ in soda solution, 1-3000. 

c. Ditto. After 20™ in ditto. 

Fig. 41. a. Curve of normal gastrocnemius. Direct stimulation. 

b. Ditto. After 15™ in lactic acid solution, 1-2500. 

c. Ditto. After 30™ in ditto. 

Fig. 42. a. Curve of normal gastrocnemius. Direct stimulation. 

b. Ditto. After 15“ in potash solution, 1-4000. 

c. Ditto. After 15“ in lactic acid solution, 1-500. 

d. Ditto. After 30“ in ditto. 

e. Ditto. After 45“ in ditto. 

2 t 2 
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Fig. 43. a. Curve of gastrocnemius which has been 20m in barium chloride solution, 

1-600. 

b. Ditto. After 15m in chloride of potash solution, 1-600. 

c. Ditto. After 30m in ditto. 

Fig. 44. a. Curve of gastrocnemius which has been 80m in chloride of lithium solu¬ 

tion, 1-300. 

b. Ditto. After 15m in chloride of sodium solution, '75 per cent. 

c. Ditto. After 30m in ditto. 

cl. Ditto. After 15m in chloride of potassium solution, 1-800. 

Fig. 45. a. Curve of normal gastrocnemius. Direct stimulation. 

b. Ditto. After 30m in chloride of strontium solution, 1-150. 

c. Ditto. After 15m in chloride of.calcium solution, 1-150 

Diagrams of muscle chamber, A and B. 

a. a. Influx and efflux tubes for solutions. 

b. Vulcanite lid cemented into cork which closes the upper end of the chamber. 

c. Sliding clamp which fixes the femur moved by milled-headed screw (d). 

e. Clamp for carrying wire for direct stimulation. The second connexion is made 

through the coiled wire (f), terminating in a hook (g) which passes through 

the tendon of the muscle. 

h. Electrodes for stimulation of the nerve. 

i. Metal cap closing central opening in stopper. 

Tc. Accessory escape or oil tube. 

1. Tube with hour-glass contraction, through which thread connecting tendon and 

lever works. 
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IX. Description of Teeth of a Large Extinct (Marsupial V) genus, Sceparnodon, Ramsay. 

By Professor Owen, C.B., F.R.S., &c. 

Received October 2,—Read October 15, 1883. 

[Plate 11.] 

The only known Mammals of Australia with rootless, ever-growing scalpriform 

incisors, in bodily size suitable for wielding those about to be described, are the 

Diprotodon, the Nototherium, and the Phascolonus, all of which have become extinct. 

But the incisors of the known species of the above genera differ in shape from each 

other and, in a still more marked degree, from those of Sceparnodon; * nor do any 

such teeth from other and smaller Mammals match with the present Fossils. 

My first cognizance of this form of tooth was derived from casts, which were 

kindly transmitted to me in October, 1881, by Edward P. Ramsay, Esq., Curator of 

the Museum of Natural History, Sydney, New South Wales. 

In the letter advising me of their transmission, Mr. Ramsay writes :— 

“ The flat teeth are those for which I proposed the name Sceparnodon, but which 

name need not be retained by you, as no description has been published of them. 

The smaller of the flat teeth was obtained in the central part of South Australia; I 

believe near Lake Eyre. I found it among a collection which I was asked to 

determine at the Melbourne Exhibition, and I took casts of it. Those numbered 

A 3292, A 3295 came from Gelgoine Station, New South Wales, and were found in a 

deep hole in the creek which was being cleaned out for water; they are quite black, 

glossy, and seem to be impregnated with iron. 

(Signed) “ Ed. P. Ramsay.” 

Comparison of these casts of teeth, more or less mutilated, led me to the conclusion 

my valued correspondent had arrived at, and to the retention of the generic name 

proposed for the extinct animal to which they had belonged. But I deferred 

their description in the hope of receiving actual and better preserved specimens, 

affording also the means of adding characters of microscopic structures to those of 

size and shape. 

A portion of such tooth (Plate 11, figs. 1, 2, 3) reached me this year, through 

the kindness of Mr. C. H. Harmann, of the Range Nursery, Toowoomba, Queens¬ 

land. It was found by him in the neighbouring bed of King’s Creek, from which 

* 'SfKe'Trxpvov, adze ; oBov%-, tooth. 
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formation the most instructive specimens of Megalania have been obtained. With 

this verification of the subjects of the casts, I no longer defer making known so 

singular an addition to the, most probably, Marsupial fossil Fauna of Australia. 

The specimen from Kings Creek, though mutilated at both ends, includes a 

portion of the tooth, 2 inches 9 lines (70 millims.) in length, with an uniform breadth 

of 1 inch 3 lines (32 millims.), and as uniform a thickness of 7 millims. gradually 

increasing to 8 millims. at both side-margins. The curvature of the tooth is uniform 

and moderate, and is shown in Plate 11, fig. 1. 

Sufficient of the pulp-cavity was preserved at one end to indicate the tooth to have 

been one of uninterrupted growth ; at the opposite end the cavity is reduced to a 

linear fissure, fig. 3 a. Here the body of the tooth is seen to be composed of hard 

dentine, with a coat of enamel on the convex side, bending for the extent of a millimetre 

upon each obtuse margin ; the rest of the tooth having a thinner coat of cement. 

One margin, slightly broader and less rounded than the other, indicates that which 

was in contact with, or very close to, the fellow incisor of the scalpriform pair. 

The enamelled surface of the tooth presents fine and close-set longitudinal striae; 

its transverse convexity is less than the corresponding concavity of the opposite side. 

The concavity is traversed lengthwise by a pair of low, linear, risings or ridges, 

r, r, fig. 2, 5 millims. apart; one extending midway between the two borders, the 

other ridge being nearer the outer lateral border. Most of the surface of this fossil 

shows a deep rufous stain which extends some way into the tooth’s substance, as 

shown by the sections for microscopical research next to be noted; the weight of 

the fossil indicates metallic infiltration. 

Of the intimate structure of the teeth of Marsupicdia I detected, in 1844,'"' but 

two which seemed to call for illustration : one, from the Wombat, showed a larger pro¬ 

portion of the cement exterior to the enamel than in the Rodents’ incisors : this 

character, as it was exaggerated in the molars, was exemplified in a longitudinal section 

of one of those teeth (op. cit., plate 103, fig. 2). The other Marsupial modification 

was displayed by the teeth of the Kangaroo, and the illustration was afforded by a 

section of an incisor. The character in question is a continuation of the more wavy 

terminal portion of the dentinal tubes across the boundary-line into the enamel 

(op. cit., plate 102). In the subjoined drawing of a similar microscopic section of the 

fossil incisor of Sceparnodon the resemblance to the Wombat (ib., plate 103), in the 

dental character so exposed will be seen to be closer than to any other Marsupial or to 

any Australian genus of Rodent. The existing members of the Rodentia, native to 

Australia, are mostly of small size : the aquatic form, Hydroinys, exemplifies the 

largest, but this hardly exceeds that of our Water-Rat (Arvicola), in which the upper 

incisors show a greater fore-and-aft than transverse diameter. The small relative 

degree of the former diameter, or thickness, of the tooth is peculiar to Sceparnodon. 

* ‘ Odontography,’ pp. 373-398; plates 98-103. 
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The dentinal tubes, as displayed under a magnifying power of 150 diameters (Plate 11, 

fig. 9, d,), show but a slight curvature in two-thirds of their course from the pulp-cavity, 

but become more curved in the distal third : the terminal bend, convex towards the 

cutting end of the tooth, is more strongly marked than in the incisors of Phascolomys 

or of Macropus. The diameter of the tube is 0 of an inch. The dichotomous 

divisions of the main tubes are sparing, until the greater curve is made, and the ter¬ 

minal branches of these open into minute cells along the line of the enamel, and 

occasionally into cells at some distance therefrom as shown at d', fig. 9. The 

undulation of the fibres of the enamel, e, have a parallelism which renders a seeming 

course transverse to the section more conspicuous than the true direction toward the 

cement, c. This constituent repeats the microscopical characters of that of the 

Wombat’s upper incisor. 

The cast of one of the specimens of an incisor of Sceparnodon Ramsayi (Plate 11, 

figs. 4 and 5), from near Lake Eyre, includes the exposed or working end of the tooth, 

a; it is bevelled off to an edge from the logitudinally concave to the convex side, 

corresponding to the enamelled outer surface, and which forms, as in other scal- 

priform incisors, the trenchant margin. This edge slightly curves from the outer 

(lateral) to the inner (mesial) border of the tooth. Just above the worn surface of 

the tooth near this border the concave side shows a feeble depression, b, indicative, 

it may be, of pressure by a contiguous tooth. The transverse concavity of the back 

surface of the tooth is rather deeper than in Plate 11, fig. 1, and does not show the 

two longitudinal ridges. This character, if traceable in the actual tooth, might 

suggest a specific difference. 

The fractured, probably implanted, end of the actual tooth may show the termina¬ 

tion of the pulp-cavity, but the indication in the cast is obscure. The length of the 

specimen, in a straight line, is 4-^ inches (90 millims.) ; following the curve it gives 

95 millims. The breadth of the biting end of the tooth is 27 millims.; that of the 

opposite or growing end is 30 millims. This increase indicates a relation to the 

growth of the animal’s body, and suggests that the incisor may have come from a not 

fully-grown individual. There is a corresponding increase of thickness at the (broken) 

implanted end, which gives 13 millims. 

The cast of the largest of these teeth which I have received, showing also the 

largest proportion of the tooth, figs. 6 and 7, repeats the character of the mid-ridge 

along the concave surface ; but a second ridge is more remote and less defined. The 

depression, b, above or root-ward of the abraded working surface is again indicated 

in this incisor. The longitudinal lineation of the convex side of the tooth (fig. 8) 

is of a coarser character than in the portion of tooth, fig. 3, from King’s Creek. 

The length of the cast of the tooth from Lake Eyre, in a straight line, is 5 inches 

(130 millims.) : following the curve it gives 136 millims. : the breadth is 1-| inches 

(35 millims.), and this dimension is the same at both ends of the tooth, indicative of 

its having come from a fully-grown individual. 
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It seems strange that the indications of an extinct species so conspicuous as must 

have been the living Sceparnodon Ramsciyi, obtained from localities so remote from 

each other and showing a wide geographical range, should be restricted to a front 

incisor, seemingly of the upper jaw. Yet the first indication of the large Carnivore 

(Thylacoleo) was a solitary carnassial; * and that of the huge herbivorous Diprotodon, 

was but a fragment of a front lower incisor. + I am in hopes, therefore, of being 

favoured by analogous opportunities of communicating to the Royal Society a 

restoration, through successive contributions, of the skeleton and dentition of the 

present singular, most probably Marsupial, Rodent-like, extinct, Australian Mammal. 

Description of the Plate. 

PLATE 11. 

Sceparnodon Ramsayi, Owen. 

Fig. 1. Side or edge view of portion of an incisor tooth. 

Fig. 2. Outer or convex side of the same. 

Fig. 3. Inner, or concave, side of the same. 

Fig. 3a. Cross-section of the same. 

Fig. 4. Side or edge view of the cast of a larger portion of an incisor. 

Fig. 5. Inner or concave side of the same cast ; showing, a, the abraded surface; b, 

the indent above that surface. 

Fig. 5a. Cross section of the same. 

Fig. 6. Side or edge view of the cast of a still larger portion of an incisor. 

Fig. 7. Inner, or concave, side of the same cast; showing, a, the abraded surface; 

b, the indent; r, median ridge. 

Fig. 8. Portion of the outer surface, fig. 7', showing the fine lineation of the cement- 

clad enamel. 

(All the figures, save 9, are of the natural size.) 

* Mitchell’s ‘ Three Expeditions into the Interior of Eastern Australia, 8vo., 1838, vol. ii., 
Appendix, p. 359, plate 32, figs. 10, 11. 

t lb. ib., p. 362, plate 51, figs. 1 and 2. 
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X. Evidence of a Large Extinct Lizard (Notiosaurus dentatus,'* Owen) from 

Pleistocene Deposits, Neiu South Wales, Australia. 

By Professor Owen, C.B., F.P.S., &c. 

Received, January 9,—Read January 17, 1884. 

[Plate 12.] 

On the 19th November, 1883, I received from Robt. Etheridge, Jun., Esq., the 

subject of the present Paper, with the following memorandum which accompanied the 

specimen transmitted to him by Ch. S. Wilkinson, Esq., F.L.S., F.G.S., of the 

Department of Mines, Sydney. 

“Portion of jaw and teeth from Cucldie Springs. These springs are in pleistocene 

deposits full of bones of Diprotodon, Sthenurus, Crocodile, &c., as far down as they have 

been sunk into—viz., 30 feet.” 

The specimen was a small fragment, as will be seen by the annexed figures; and to 

the bone were attached the bases of the crowns of two teeth. These were of the size 

of the serial teeth of the Australian Crocodilus porosus, of similar shape, with longi¬ 

tudinally striated enamel. 

Under the impression of Mr. Wilkinson’s note, I first compared them with the 

teeth in the series of Crocodilian skulls now exhibited in the Reptilian Gallery, 

of the Natural History Museum. But, though a longitudinally-ridged enamel is 

common to the teeth of other than the Australian species, in none were the ridges so 

strongly developed. Afterwards, submitting the fossil to a closer scrutiny, I observed 

that each ridge began by a pair of feebler ones rising from the root of the crowm, and 

uniting after a course of from 2 to 5 millims.—a character not shown by any of the 

Crocodilian teeth ; next, after close scrutiny of the broken portion of jaw to which the 

teeth were attached, I determined the parts of the bone which retained their natural 

unbroken surface. 

The fossil in question was of a jet black colour, and the surface which I concluded 

to be the outer one of a dentary element of the mandible (Plate 12, fig. 1, a) shone as 

does a piece of polished jet. 

Now such glistening exterior with perfect petrifaction characterises other fossil 

remains, especially of plants, from the same formations in Australia ; and, as to the coal- 

MDCCCLXXXIV. 

* Gr. v6tio<s, australis; aa.upo's, lacerta. 

2 K 
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black colour shown in parts of such fossils, that also we find in some Mammalian fossils 

from our own tertiaries.* 

The bases of both teeth in the pleistocene fossil (Plate 12, figs. 2-5, b, b') were 

anchylosed to the alveolar floor continued from the outer wall a, and to this also was 

similarly anchylosed so much of the supposed part of the crown as remained of each 

tooth. The portion of the jaw-bone continued from the inner surface of the anchylosed 

teeth showed a natural surface sloping away from the teeth upon so much as remained 

of the inner surface, a , of the dentary bone. 

Here, therefore, were plain characters, not of a Crocodilian, but of a Lacertian 

mandible, and of a species of that division of the Lacertilia called “ pleurodont.”! 

Of existing Australian Lizards Chlamydosaurus is “ acrodont; Hydrosaurus is 

“pleurodontand, moreover, is the largest known existing Lacertian. The base of 

the tooth in this species is striated, and that character is best shown on the inner side 

(Plate 12, fig. 8), which is free from the bony parapet, according to the fashion 

exemplified in Notiosaurus (Plate 12, fig. 2) ; but with fewer and larger ridges. 

I append figures, nat. size, of a portion of the jaw of Hydrosaurus gigas (Plate 12, figs. 

7, 8), corresponding to the fossil. The proportions of the outer wall, and of the base of 

the teeth thereto anchylosed, are the same ; such confluent part is, also, longitudinally 

ridged. The pleurodont character prevails in both upper and under jaws, but the 

teeth are mostly wider apart in the mandible, and are juxtaposed as in the fossil, only 

in a small proportion of the dentigerous part. At this stage of the comparison a 

vertical transverse section was taken of that end of the fossil to which the more frag¬ 

mentary tooth was attached. This section (ib., fig. 5) demonstrated the anchylosis of 

tooth to bone according to the pleurodont type. A slice of the section was prepared 

for microscopic scrutiny. Under a magnifying power of 120 the coarse lamellate 

disposition of the osseous tissue of the Lacertian mandible, the elongate bone-cells, and 

the fine plasmatic tubules, diverging from the vascular cells, were demonstrated at a, 

fig 9. The basally attached portion of tooth showed the Lacertain vascularity of the 

part and the dentinal tubes radiating from the vascular canals, also the lamellate 

walls of the canals (ib., b). 

Another character was brought to light by this section. The remains of the pulp- 

cavity were seen, on first inspection of the fossil, in an aperture of 2 millims. diameter 

at the middle of the fractured surface of each tooth-crown, fig. 3, c, c. On the 

Crocodilian hypothesis such aperture should expose a pulp-cavity widening as it receded 

from the enamelled crown. In the section above described such cavity or continuation 

of the aperture was longitudinally traversed, and demonstrated its contracting to a 

termination at 6 millims. above the anchylosed base of the tooth (Plate 12, fig. 5, c). 

In Hydrosaurus the outer surface of the dentigerous part of the mandible is per¬ 

forated by neuro-vascular apertures almost as numerous as the teeth, and about the 

* ‘ History of British Fossil Mammals,’ 8vo., 1846, pp. 301, 414, 420. 

f ‘Odontography,’ 8to., 1845, p. 240, plates 67 (Monitor), 68 (Iguana). J Ib., p. 241. 
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level of the base of the outer wall to which they are anchylosed. This character 

is also manifested in the mandibular fragment of the Notiosaur. The fossil has been 

broken away from the lower part of the ramus at the level of one of these apertures 

(Plate 12, fig. 1, cl), and the fracture exposes the common canal (fig. 6, cl, e), which 

was traversed by the mandibular vessel, and the branch leading from that canal to 

open upon the outer surface, in the same relative position to the free margin of the 

outer wall, as in Hydrosaurus. 

And now, it may be asked, why may not the fossil here described, which has clearly 

come from a saurian as large as Megalania, be part of an individual of that extinct 

Australian genus ? 

True it is, that as yet I have received no portion of mandible so associated with the 

rest of the skull of Megalania as to enable me to make the requisite comparison. 

But so much of the skull, with the upper jaw, as has been recovered indicates that 

such jaw was edentulous, sheathed with horn, as in Chelonia,* and could not have 

been opposed to a series of large, mandibular, conical, carnivorous teeth. Such edentu¬ 

lous condition led to the inference that Megalania had been phytiphagous; and, like 

many herbivorous Mammals, it was proved to be provided with formidable horns as 

defensive weapons.t 

In Notioscmrus wre have evidence of a second form of Lacertian Hep tile of ordinary 

Crocodilian dimensions, so far as these are indicated by the size and number of the 

piercing, lacerating teeth, of which the fossil in question shows samples. 

I have taken the liberty to write to the Geologist of the Department of Mines, 

Sydney, requesting the loan of any other specimens from the Cuddie Springs which 

may have been regarded as Crocodilian. 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 9. 

Fig. 7. 

Fig. 8. 

Description of the Plate. 

PLATE 12. 

Notioscmrus dentatus. 

Portion of mandible, outside view. 

Ib. ib. inside view. 

Ib. ib. upper view. 

Ib. ib. end view. 

Ib. ib. vertical section of mandible and tooth-base. 

Ib. ib. under view. 

Longitudinal slice of mandible and tooth-base, magnified 120 diameters. 

Hydrosaurus gigas. 

Portion of mandible, with two teeth ; outside view. 

Ib. ib. inside view. 

(All the figures, save fig. 9, are of the natural size.) 

* Phil. Trans., 1880, p. 1045. t Ib., p. 1048. 
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XL On the Total Solar Eclipse of May 17, 1882. 

By Captain W. de W. Abney, R.E., F.R.S., and Arthur Schuster, PhD., F.R.S. 

Received April 9,—Read April 19, 1883. 

[Plate 13.] 

Part I. (Drawn up by Dr. Schuster.) 

I.—Introductory. 

The present paper contains an account of the photographic results obtained during 

the last total solar eclipse. The total number of photographs taken was six : three of 

these represent the corona itself, while on the three others photographic records of 

the spectrum of the prominences and the corona were secured. 

The expedition left England on the 19th of April and arrived at Suez on the 

evening of May 3, where they were received on behalf of the Khedive by Esmatt 

Effendi and by the Governor of Suez. The following day was taken up with the 

journey to Cairo. The members of the expedition were welcomed at the station by 

Stone Pasha to whose foresight and energy, as well as extensive knowledge of the 

country, all the members of the expedition were much indebted throughout the time 

of their sojourn in Egypt. It was chiefly owing to the preparations which General 

Stone had already made that the expedition was able to leave Cairo on the following 

evening, arriving at Siout early on the morning of May 6. Owing to the low state 

of the Nile it was impossible for the expedition to reach the site which had already 

been chosen for the observatory the same evening, but they arrived there the next 

morning. The French expedition, sent out by M. Bischoefsheim, was already on 

the spot, and on them had fallen the burden of choosing the site ; for as all the 

expeditions were to be the guests of the Khedive, a separation would have been 

inconvenient to our host, and would have had no advantages as the weather was safe 

within the belt of totality. We cannot help expressing our admiration for the 

excellent way in which the site of the observatory had been selected ; for not only 

did the result prove that the greatest length of totality had been secured, but local 

circumstances were well attended to, and the observatory was well protected against 

the dust, which formed the greatest danger to the success of the expedition. 

Colonel Mokhtar Bey had accompanied the English party to the observatory by 
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order of the Khedive, and was in charge of the joint expeditions during their stay at 

Sohag. Great thanks are due to his unremitting zeal and energy; his aid in 

erecting the observatory and telescopes proved of great value, and his mechanical skill 

helped the expedition over great difficulties. 

Esmatt Effendi, also a member of the Khedive’s household, gave most valuable 

assistance, and to him, as well as to many others equally able and anxious to help, our 

thanks are due. 

II.—Preparat ions for totality. 

The observatory was built on a level piece of ground close to the banks of the Nile. 

It was surrounded by a double wall of sugar-canes, affording an efficient protection 

against the dust which occasionally was carried in large quantities along the river. 

The ground in the immediate vicinity of the observatory was, in addition, constantly 

kept wet by watermen, so that the danger to the instruments from the dust and 

sand was reduced to a minimum. 

Half of the ground covered by the English station was taken up by Mr. Loceyer’s 

large equatoreal telescope, while the other half was reserved for the photographic 

instruments. The present report only refers to the results obtained with the latter. 

A double layer of bricks afforded a sufficiently firm foundation for the stand on which 

the cameras were mounted. The stand and clockwork had originally been made for 

the transit of Venus expedition of 1874, and on that occasion supported one of the 

photoheliographs, but during this eclipse it had to carry three cameras. An achro¬ 

matic lens of 4 inches clear aperture, having a focal length of 5 feet 3^ inches, 

was reserved for the photographs of the corona itself. The image of the moon taken 

with this lens during the eclipse had a radius of -29 of an inch. The second camera, 

carried on the same stand, was on a similar principle to that first used during the 

Siamese eclipse of 1875, and then called a prismatic camera. It was an ordinary 

camera with a prism placed in front of the lens. The prism used on this occasion was 

of white and dense flint glass, and instead of an angle of 8° it had a refracting angle of 

60°, and each face had a surface of 3 inches square. The corrected lens used with 

the prism had a focal length of 20 inches for the yellow rays. As the plates exposed 

in this camera were sensitive in the red as well as in the blue, it was impossible to 

obtain the whole range of the photographic spectrum in focus on the plate, but in 

order to obtain the best results the back of the camera which carried the sensitive 

plate could be tilted so as to bring a larger range of the spectrum into focus at the 

same time. Nevertheless, an inspection of the plates obtained in this camera shows 

that the parts extending from the green into the infra-red are the only ones which are 

properly in focus, and it is to these parts that our attention was chiefly directed with 

this instrument. 

To the third camera was attached a complete spectroscope. A lens of 2 inches 

aperture and 11 inches focal length served to form an image of the corona on the slit. 
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Both collimator and camera had a focal length of about 9 inches; the prism had a 

refracting angle of 62°, and an aperture of 2 by 1 f inches. The sensitive plate in 

this camera could be tilted with the axis of the lens in the manner already explained, 

and the spectrum is in fair focus throughout the range of sensitiveness of the plate. 

In fixing the time of exposure for each plate and camera we had to consider the 

probable intensity of the light, but we had also to take into account the loss of 

time involved in changing the plates. At first it seemed, indeed, as if 12 seconds 

would be required to change each slide, but after a good deal of practice the time 

thus lost was finally reduced to 7 seconds, though even this was a considerable 

proportion out of the total of 70 seconds during which totality was to last. It 

was therefore decided that only one plate should be exposed in each of the spec¬ 

troscopic cameras ; but that three photographs of the corona should be attempted 

with the large lens. A trial was also to be made to obtain an impression of the 

first flash of light at the end of totality with the prismatic camera. A detailed account 

of the times of exposure of the different plates actually obtained will be given under 

the head of “ Results.” 

It was arranged that Mr. Woods, who was the assistant for the photographic work, 

should, during totality, cover and uncover the different lenses at the proper times, 

whilst I undertook to change the slides. Mr. J. Y. Buchanan was kind enough to 

call out the time at intervals of 10 seconds during the whole of totality. An arrange¬ 

ment of this kind is absolutely necessary where plates have to be changed, and wdiere 

each second is of importance. 

The telescope was mounted and adjusted in the usual way ; the adjustment for 

latitude was not perfect, and a firmer foundation would have been desirable, but as a 

very slight motion was of little consequence in the spectroscopic cameras, while 

the longest exposure for the corona was only to last 22 seconds, even a rough 

adjustment would have been sufficient; and the results were in no way affected 

by this want of adjustment or by any irregularity in the motion of the clock. The 

final adjustment of the clock was made only a few minutes before the beginning of 

totality, and its behaviour during the critical time was better than could have been 

expected from its previous performance. 

In order to fix the position of the corona on the plate from its photographs, a 

platinum wire was stretched across the camera close to the sensitive plate. Before and 

after totality the clock was stopped, and photographs of the solar cusps were taken at 

an interval of 2 minutes on the same plate. In this way the position of the platinum 

wire could be ascertained relative to the sun’s path directly before and after totality. 

The accurate orientation of the solar corona in the sky is a very important matter, 

and one which has been too much neglected in some of the recent eclipses. 

All the plates were gelatine plates, specially prepared by Captain Abney for the 

occasion. Those used in the prismatic camera, as before stated, were sensitive in the 

red as well as in the blue. From calculations made, it appears that all the plates used 
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had a sensitiveness for the blue end of the spectrum between fifty and sixty times 

greater than an ordinary wet plate. This is a matter of no slight importance when it 

is remembered that in comparison with photographic observations made during all 

other eclipses, except, perhaps, that of 1878, this exquisite sensitiveness has in effect 

turned seconds of time into minutes, thus enabling much more to be done in a short 

totality than could be accomplished in a much longer one when using the older 

process. 

III.—The totality. 

During the present short eclipse it was of special importance that the signal at the 

beginning of totality should be correctly given. If given too early, the plates would 

be spoiled by the presence of the last gleam of the sun, while if too late valuable 

time would be lost, and there would be the danger of exposing the plates beyond the 

end of totality, and thus again destroying their value. Experience during the last 

two eclipses had taught me that the corona was distinctly visible four or five 

seconds before totality, and I therefore determined on giving three signals : the first 

when the rapidly waning crescent showed that the critical moment was approaching; 

the second when I could see the corona against the dark limb of the moon ; and finally 

when totality had set in. Mr. Buchanan undertook to measure the interval between 

the two last signals. In order to make sure that all the lenses were covered at 

the end of totality, it was decided to utilise only 65 seconds out of the 70 we hoped to 

have. Proceedings during totality were carried out strictly according to the pro¬ 

gramme laid down. My time and attention were so much occupied in looking after 

the slides and cameras that I had only a few seconds to spare for eye-observations, and 

no value can be attached to impressions gained in so short a time. I did not, indeed, 

notice any striking difference in the appearance in this and the two previous eclipses, 

except the presence of the prominences which I now saw for the first time, and which 

seemed to colour the greater part of the inner corona with a tint which appeared to me 

to be much more of a light orange than of a red colour. The photographs show, how¬ 

ever, a very considerable difference between the outline and distribution of the corona 

in this and the three last eclipses. In the short time at my disposal I did not notice 

the comet, to which reference will be made, though it was very conspicuous to the 

majority of the party. 

IV. — Time observations. 

It was not part of the regular programme of the expedition to take any regular 

time observations, and the following results have therefore little value, except, perhaps, 

so far as the duration of totality is concerned. 

The longitude and latitude of the place of observation was determined by M. 

Trepied : the former by means of four lunar culminations, the latter by means of a 
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meridian passage of the sun observed with a small meridian circle. The results obtained 

were : 
Latitude : 26° 33' 21" 

Longitude : 1° 57' 40" east of Paris, or 

2° 07' 01" east of Greenwich. 

M. Trepied considers these values as provisional only. 

I observed the first contact through the finder belonging to Mr. Lockyer’s equatoreal 

(aperture 3 inches). As I was, however, not accustomed to use that instrument, 

I forgot that there was a reflecting mirror in the eyepiece, and therefore looked for 

the contact at the wrong place. I first noticed the moon on the solar disc at 

7h 20m 14s (L.M.T.). 

The first contact was observed by M. Trepied at 

7h 20™ 09s (L.M.T.). 

The observation for the last contact was, of course, much better. I gave the signal 

at 
9h 54m 46s (L.M.T.). 

M. Trepied gives for this contact 

9h 54m 57s (L.M.T.). 

At the beginning and end of totality the whole party was naturally so much occupied 

with their special work that nobody was available to mark down the time of the 

signals. Mr. Buchanan, however, by means of a stop-watch, measured the time inter¬ 

vening between my two signals, which meant respectively that I saw the corona and 

that totality had begun. That time was 4 seconds, and though with suitable in¬ 

struments the corona might, perhaps, be seen sooner, I feel confident that with the 

naked eye my observation gives a fair estimate of the time of visibility of the corona 

before totality. The time agrees well with that determined by me during the eclipse 

of 1878 in Colorado, where I had measured it as 5 seconds. Mr. Buchanan also 

started a pendulum clock when I gave the sginal for totality, and stopped it again at 

the end of totality. The time of duration of the eclipse was thus determined, and I 

have considerable confidence in the accuracy of the results to within one or two seconds. 

Owing to the brilliancy of the chromosphere and the inner parts of the corona it is by 

no means easy to fix the beginning of totality with absolute accuracy, especially if the 

observer has never previously witnessed an eclipse. The experience gained during 

previous eclipses gives me confidence, however, as to the duration on this occasion. The 

calculated time of totality was 72 seconds, the interval between my signals was 

7 4 seconds, being probably too long, though not by more than one or two seconds. 

As the question of duration of totality has some interest, and as different observers 

differed considerably in their estimate, it may be well to give the opinion of some 

MDCCCLXXXIY. 2 L 
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of the other observers within hearing of my signals as to their accuracy. Mr. Baillie, 

who had joined the expedition, and to whose excellent sketch of the corona we shall 

have occasion to refer, wrote directly after the eclipse as follows : “ I was seated at my 

table just before totality, and, being unable to look upwards, kept my eye on the watch 

in my hand, waiting for Schuster’s signal. Immediately upon hearing his voice I 

looked up at the sun. Totality was complete.” 

Mr. Lawrance, Mr. Lockyer’s assistant, who was looking through Mr. Lockyer’s 

finder, writes as follows : “ The moment Dr. Schuster gave his signal of commence¬ 

ment of totality, I still saw Bailey’s beads and a thin crescent of the sun still un¬ 

covered. I think, however, that totality commenced within a second or two.” 

It appears from Mr. Lawuiance’s statement that my signal could not have been 

given too late, while the photographs give conclusive proof that I could not have been 

too early by any appreciable amount. For as I called out I drew the slide of the 

spectroscopic camera, and Mr. Woods, on hearing me give the signal, removed the 

cap from the prismatic camera. The plate in this camera would have been spoiled had 

any sunlight been allowed to fall on it. I may have been a little late at the end of 

totality, as Mr. Baillie remarks, but when a signal is given by calling out, a good 

fraction of a second must necessarily intervene between the time that a phenomenon 

is seen and the time that the signal is actually given and realised by another observer. 

On the whole, it may be said that the calculated time of totality was as nearly realised 

as possible. 

Part II.—(Drawn up by Captain Abney and Dr. Schuster.) 

Y.—The photographs of the corona. 

Across all the photographs of the corona is a transparent line, which is the shadow 

of a platinum wire stretched immediately in front of the slide placed there to enable 

us to fix, with accuracy, the position of the corona. Before and after totality the 

clockwork of the telescope was stopped, and the solar cusps were photographed at 

fixed intervals. The position of the platinum wire could thus be referred to the 

line of the sun’s motion. On a paper print of these photographs the position of the 

centres of the solar images was determined as accurately as possible, and it was found 

that a line joining these centres made an angle of about 45 minutes with the image 

of the platinum wire. Thanks to the courtesy of Mr. Whipple, we had an opportunity 

of measuring our photographs with Mr. De la Hue’s instrument, which is now deposited 

at Kew. The photographs taken previous to totality showed a sufficient part of the 

sun uncovered to enable us to draw a tangent, and thus to determine with great 

accuracy the direction of the sun’s motion. This method gave an angle of 49 minutes 

between the wire and the circle of declination, a result practically identical with that 

previously obtained. The angle between the lines joining the cusps and the wire are 

slightly different, but this is due to the moon’s motion over the solar disc. Owing to 
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the rapid change in the lunar parallax, the calculation of the angles which the line of 

cusps should make with the circle of declination is rather tedious, and would not 

repay the trouble, and without it the orientation of the photographs possesses all the 

necessary accuracy. In adopting 45 minutes as the angle between the shadow of the 

wire and the declination circle, we shall certainly not make an error greater than 

half a degree, and most probably not more than a quarter of a degree. The image 

of the wire lies in the quadrant between the east and the south. 

The backs of the plates in all the cameras were coated with asphaltum, in order to 

prevent photographic irradiation as far as possible, but the prominences and inner 

parts of the corona sent out such a strong light that in spite of this precaution the 

photographic effect encroaches on the disc of the moon. One of the prominences 

appears even reversed on one of the plates which was exposed for about 22 seconds. 

The images of the prominences themselves appear, however, perfectly defined. The 

different times of exposure could not be measured exactly for want of sufficient 

attendance. A very fair idea of the exposures can, however, be obtained from Dr. 

Schuster’s notes made immediately after the eclipse. He wrote :—“ After drawing 

the slide of the spectroscopic camera at the beginning of totality, I immediately 

did the same for the large camera, and called on Mr. Woods to remove the screen, 

which he held up in front. This he, did, noticing that Mr. Buchanan called out 

* 60 at the time. At the time signal ‘ 50 ’ the screen was to be replaced, 

thus giving an exposure of 10 seconds. Mr. Woods was, however, a little late in 

answering to the signal, and I believe that 11 seconds would not be a bad estimate 

/or the exposure of this plate. There was no record made of the time at which the 

second plate was actually exposed, but experience had shown that it took about 

7 seconds to change a plate in this camera, and as the exposure ended at the time 

signal previously fixed upon, I think we may take the exposure of this plate to 

have been 23 seconds within one second of error. The third plate was to be 

exposed for 3 seconds ; these were estimated by Mr. Woods, and as he has had 

much practice in exposing photographs, this time was probably correct within narrow 

limits.” 

The body of the moon appears on the photographs bordered by a well-defined black 

line, out of which the prominences are seen to rise. It must be borne in mind that , 

the radius of the moon during the last eclipse was only slightly larger than that of 

the sun, so that even in the middle of the eclipse the brightest parts of the corona, 

and perhaps even the upper layers of the chromosphere, were visible. The inner 

parts of the corona, and especially the prominences, are over-exposed in all the 

photographs, but in that one which had three seconds’ exposure all the details up to 

the body of the moon are well shown. 

As regards the corona, we are especially struck with the irregularity of its shape. 

A close connexion between the outline of the corona and the state of the sun’s surface 

is now placed beyond doubt. The corona, as seen in Colorado during the summer of 

2 L 2 
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1878, may be taken as a type of what is seen at a time of few sun spots. We notice 

a great extension in two opposite directions. Unfortunately it has never been 

properly decided whether this direction agrees with the ecliptic or with the direction 

of the sun’s equator, or does not accurately agree with either. There is, however, a 

probability that the direction of greatest extension varies somewhat in different 

eclipses. This equatoreal extension (for we may so call it, without implying any 

hypothesis as to its cause) has, as a rule, a form which the Siamese in 1875 not 

inaptly likened to a fishtail, and for this reason the longest streamers of the corona 

are found not near the solar equator, but symmetrically at some distance from it. 

Another remarkable feature of the corona of the time of sunspot-minimum are the 

generally short and curved polar-rifts. They are found on all good drawings and 

photographs of the corona, when the eclipse took place at periods of small solar activity, 

and have often been compared to the rays of our aurora borealis. In our photographs 

we look in vain for the equatoreal extension and for the polar rifts. Streamers are seen 

to stretch away in all directions from the moon’s edge, but there is no regularity, 

whatever. The extent to which the corona can be traced in the photographs depends 

of course, on the time of exposure and the sensitiveness of the plates ; and considering 

the great progress which has lately been made in the science of photography, it is not, 

perhaps, astonishing, that our photographs show a greater extent of corona than any 

of those previously obtained. One of the streamers reaches, indeed, to a distance of 

44 minutes of arc from the sun’s limb, that is about 1'4 solar diameter. The details 

shown on the different photographs are very interesting, but they cannot be described, 

and are only shown on a good drawing. Two points, however, deserve a special notice.* 

One is the remarkable curvature of some of the coronal rays. It has long been known 

that these are not straight, but their general curvature shows more regularity than 

it did on the last occasion. The rays seem in many cases to start almost tangentially 

from the sun’s limb ; they are as a rule wider near the sun’s limb, and contract 

as their distance from the sun increases, while others are spread out in fan-like 

shape. The second point to which we wish to draw attention is the transparency of 

the streamers : in two instances at least we can trace structural details through the 
O 

luminous streamers. The distinction which has been drawn between the outer and 

the inner corona appears to us to be justified, the inner corona being decidedly more 

compact and luminous. The corona, as seen during this eclipse, does not seem to 

bring us any nearer to any plausible and scientific theory as to its causes. Two 

theories especially have been brought forward and discussed, and both of them seem 

to become less and less likely. The corona of last May is conclusive against any 

theory of meteor streams as far, at any rate, as its streamers are concerned, and the 

rival theory of a much disturbed solar atmosphere seems open to equally conclusive 

objections. It is only by means of continued observations that we may hope to solve 

the coronal mystery ; and these we are likely to have before long, thanks to Dr. 

Huggins’ important discovery. 
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Mr. Baillie’s drawing of the corona. 

Mr. Baillie accompanied the expedition and undertook to make a drawing of the 

corona during totality. Though little attention has been paid of late to pencil 

sketches made during eclipses, we yet venture to lay the present one before the 

Society, as it shows how much can really be done in so short a time by a skilled 

Mr. Baillie’s drawing of the corona. 

Fig. 1. 

draughtsman, who aims less at an artistic production than at the correct representation 

of w7hat he sees. Mr. Baillie’s drawing is of value as showing the relative extent of 

the corona as seen with the naked eye and as shown on the photographic plates. We 

can trace on Mr. Baillie’s drawing all the more important streamers, and they agree 

in length as well as can be expected with our photographs, thus showing that 

there was no perceptible difference in the extent of the visible and the photographic 

corona. This is confirmed by the remarks made by Professor Tacchini on the extent 

of the visible corona. 

The comet. 

Some of the observers noticed during totality a luminous streak of light present¬ 

ing exactly the appearance of a comet, which our photographs prove beyond doubt 
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to be the case. The nucleus is exceedingly well and sharply defined, the tail is 

somewhat curved ; it did not point towards the sun’s centre, but in a direction 

nearly tangential to the limb. The extent of the tail was roughly two-thirds of 

a solar diameter. 

Our photographs allow us to fix the position of the comet. It appears that the 

nucleus was at a distance of 45' 50" from the sun’s centre during the middle of the 

eclipse, and that the line joining the comet to the sun’s centre made an angle of 

16' 27" with the circle of declination towards the west. Professor Tacchini (C.R, xcv., 

p. 896, 1882 ; Memorie della Societa degli Spettroscopisti Italiani, vol. xi., 1882) 

gives slightly different values. According to him the' comet’s position was : Dec. 

18° 30' 17" N., RA. 3h 35m 16s. This would give a distance of 52' 26" from the 

sun’s centre, and a position angle of 68' 09", 21' 51". According to our measurements 

the position of the comet at 18h 24m 36s G.M.T. was— 

Dec. 18° 34' 59" N. 

RA. 3h 34m 43s. 

An examination of our different photographs shows a slight but progressive change 

in the comet’s position. This is in part accounted for by the moon’s motion over the 

solar disc during the eclipse, for the position of the comet had of course to be referred 

to the dark lunar disc. The change in the distance of the comet from the moon’s 

centre is however slightly larger than can be accounted for by the motion of the 

moon, and is probably in part due to the proper motion of the comet, which in that 

case must have moved away from the sun during the eclipse. The motion, if it 

exists, must however have been very small, and as the matter presents very little 

importance we have not investigated it further, especially as the comet in all 

probability will not be heard of any more. The different eclipse parties present at 

Sohag decided at a joint meeting after the eclipse to give the name of Tewfik 

to the comet, in recognition of the Khedive’s generous hospitality. 

Results of the prismatic camera. 

This instrument consisted, as has already been explained, of a camera the 

lens of which had an aperture of 3 inches, and a focal length of 20 inches in 

the yellow. The prism, which was placed directly in front of the lens, had a 

refracting angle of 60°. The line of dispersion projected on the celestial sphere ran 

nearly north and south, the less refrangible side being towards the south. Only one 

plate was exposed, and that for 65 seconds. The first impression gained by an inspec¬ 

tion of the photograph thus obtained would lead one to believe that sufficient care 

was not taken in focussing the camera. As before stated, however, it was quite impos¬ 

sible to have the whole of the spectrum in focus at the same time, and as special atten¬ 

tion was directed to the less refrangible part in this instrument, it is obvious that 
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the violet and ultra-violet in which the strongest impressions occur could not 

be in proper focus. The solar line F, and everything which is below, are well defined. 

It is clear that with this instrument we obtain a series of rings corresponding to the 

different rays sent out by the prominences. We are at once struck by the intensity 

of two of these rings lying close together near the boundary between the violet and 

ultra-violet. A comparison with the photographs obtained in the spectroscopic 

camera leaves no doubt that these rings are due to calcium, and are in fact coinci¬ 

dent with the solar lines H and K. They may serve therefore as a starting-point for 

the determination of other wave-lengths. Measurements of the distances between the 

different prominence rings, and comparison with a photograph of the solar spectrum, 

taken with -the same prism, renders it easy to identify the hydrogen lines, Ha (C), 

H/3 (F), Hy (near G), and HS (h), and these may again stand as reference lines for 

the other images. 

Three prominences especially are noticeable by their great intensity. We 

shall designate them by the numbers I., II., and III. I. and II. were close to the 

east point of the sun, III. was a little more towards the north. Next in intensity came 

a prominence (V.) near the west point of the sun. I., II., and III. show all the 

hydrogen lines in the visible part of the spectrum, Y. shows all but C. A series 

of prominences towards the southern edge of the sun show F strong and Hy very 

distinctly; a prominence on the northern edge (IV.) shows Hy faintly, and only a trace 

of F. The prominence III. shows a number of lines in the ultra-violet. Want of focus 

readers them difficult to measure on this plate, but as the slit of the spectroscopic 

camera happened fortunately to cut the same prominence, the want is fully supplied. 

It is found that these lines are in part due to the same hydrogen lines which Dr. 

Httggins has photographed in several star-spectra. The prominences I. and II. show 

these lines also, but not so markedly. It ought to be mentioned that the prominence 

which we have called III. is by far the strongest in the direct photographs of 

the corona, and is that which we have already stated to be centrally reversed in one 

of the plates. The results of the prismatic camera show that the intensity of III. 

as compared with I. and II. was most marked in the most refrangible part of the 

spectrum. The same relation of relative intensity holds in the line coincident 

with C, but is reversed with F, I. and II. being here the strongest. This points to 

the conclusion that I. and II. -were cooler than III., for we know that on cooling 

H/3 (F) becomes the strongest hydrogen line, while other lines gain in relative 

intensity on heating. The prominence IY. gives an anomalous result, showing H/3 

(F) and Hy (near G) but the latter with greater intensity. It was perhaps a hot, but 

thin and therefore black prominence. 

We may turn now to the lines due to other substances. The wave-lengths were 

determined by measuring the distance of the image of any prominence to the 

corresponding image of one of the hydrogen lines. A first approximate result is 

obtained by employing the ordinary interpolation formula which is based on the 
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supposition that differences in the refractive indices of two lines are proportional 

to the differences of the inverse squares of the wave-length. Owing to different 

circumstances, and amongst others to the fact that the distances measured are 

not quite proportional to differences of the refractive indices, we obtain in this way 

approximate results only; but by taking a photograph of the solar spectrum with the 

same prism in the same position, we can easily determine the correction which 

has to be applied in order to arrive at the most satisfactory result. For instance, 

the distance of one image was measured from the corresponding image of C and F, both 

with a micrometer and directly with a finely divided scale. The interpolation formula 

gave 5889 by the first method of measurement and 5893 by the second, the mean being 

5891. This brings us near D, and if a similar calculation is made in the reference 

spectrum, interpolating D between C and F, a wave-length 5907 is obtained. The 

true wave-length being 5882, we see that we have to apply a correction of —15 in 

this part of the spectrum. We thus find finally 5876 for the wave-length of the 

unknown line, agreeing almost exactly with the wave-length (5875) of D3. The 

prominences I. and II. gave results which are practically identical. 

Similarly we find for a very faint image of the prominence II. a wave-length 5315, 

which is evidently the well-known corona line (K 1474), which has a wave-length 

5316. The image, however, is exceedingly faint. The prominence I. shows also 

two lines in the infra-red which are difficult to identify. One of them is very likely 

\=8240 ; the other has a wave-length which is certainly above X 10,000, but 

by how much we cannot tell. Two lines, \ = 447l and \=4394, are seen in the 

blue; 4471 is the line f which is always present in prominences, but what 4394 

is we do not know. Young, in his catalogue of chromospheric lines, notes that 

he saw 4394‘6 fifteen times out of 100 observations. 

Besides these well-defined prominences the photograph shows two rings, which 

are evidently due to the lower parts of the corona, and therefore correspond to true 

coronal light. The wave-length of one of these rings was measured to be 5315. 

It is due to the green corona line (K 1474); the second is coincident with D3. 

The ring in the green is particularly strong in the south-western quadrant, and 

hardly visible at some of the other points of the sun’s limb. The yellow ring is 

much fainter on the whole, but more uniform all round the sun. In addition to the 

rings and prominences we observe on the photograph at places a certain striped 

appearance, which is due to continuous spectrum belonging to the prominences or 

to intense parts of the solar corona round the sun’s limb. 

A curious and rather puzzling point remains to be noticed. The prominence V. in 

the F ring seems to be duplicated. Two distinct impressions appear, one above the 

other. This cannot be due to a shift in the camera, for the other prominences, some of 

which are more intense, do not show the duplication. The only possible explanation 

which has occurred to us is, that one of the images is due to the comet, and that it 

is only by accident that it appears so close to an image of the prominence. 
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An instantaneous photograph taken in the prismatic camera about 5 seconds 

after the end of totality presents one or two peculiarities which are worth noticing. 

In the first place, the prominences still appear, except at the places at which 

their light is overpowered by that of the sun. The continuous spectrum of the sun 

is broken up into three or four parallel bands—an appearance no doubt due to the 

irregularities on the moon’s surface. We have here Bailey’s beads drawn out into 

bands. At the solar cusps traces of rings are seen which are due to the lower parts 

of the chromosphere extending beyond the cusps. The two brightest of these rings 

correspond apparently to the solar lines F and G. 

We give in conclusion a table showing the lines which are seen in different 

prominences. The numbers indicate the order of intensity for the same line in 

different prominences. Thus, for instance, it is seen that in I., C is fainter than in the 

prominence 11.; while the order is reversed for the line F. 

Relative intensities of lines in the prominences. 

Prominence = I. n. III. IV. V. 
711 

Below \ 10,000 Faint 
8240 (?) Distinct Probably a 

hydrogen line. 
6562 (C) 3 2 1 
5875 (D3) 
5315 (1474*) . . 

3 
Very faint - 

2 1 

4861 (F) 2 1 O O V ery weak 5 4 
4471 (f) 3 2 l 
4394 .. l 
4340 (H7) .. 3 2 1 Weak, but 

stronger tlian F 
4 5 

4101 (h) 3 2 1 4 
3968 (H) 3 2 l 

3933 (K) 3 2 1 5 4 
Many lines in ultra- 

violet 

Results of the spectroscopic camera. 

The slit of the spectroscope had a direction approximately north and south, but it 

did not accurately pass through the centre of the solar disc, and we have no data to 

fix accurately on the regions of the corona through which it passed, although its 

approximate intersection of the image can be guessed, as will be seen further on. 

The photograph shows, in the first place, a strong continuous spectrum. This is 

neither equally strong nor equally extended on both sides of the moon’s disc. On the 

northern side the spectrum can be traced to a wave-length of about 3490 towards the 

ultra-violet; but on the southern side it reaches further and almost as far as the solar 

MDCCCLXXXIV. 

* Kirchhoff’s scale. 
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spectrum, which had before and after the eclipse been photographed on the same 

plate as a reference. Towards the less refrangible side, the solar line E forms the 

approximate boundary, though on the southern side the continuous spectrum reaches 

a little further. The continuous spectrum extends from the moon’s limb on both 

sides with great intensity up to a certain height, then there is a sudden falling off 

in intensity, decreasing steadily on the southern side from this point up to a height 

at which it cannot be traced any more ; but on the southern side there seems to 

be a slight increase again in intensity as we go towards greater distances from the 

sun’s limb ; then there is again a sharp boundary at which a sudden decrease in 

intensity is noticed. From that point the continuous spectrum gradually vanishes. 

The following numbers will give an idea of the extent to which the continuous 

spectrum reaches at different points on the southern side : 

Height of continuous spectrum 
solar radius. 

in terms of a 

N ear F. •2 

For X—4480. •37 ■53 1-23 
Near G. •29 •60 1-47 

The first column refers to the first sharp decrease in brightness; the second column to 

the second falling off in intensity ; and the last column gives the limit to which the 

continuous spectrum can be traced. On the northern side the spectrum does not reach 

as high, thus near G it cannot be traced further than ‘9 of a solar radius. 

In the lower regions the spectrum appears perfectly continuous, but in the upper 

regions the solar line G appears reversed. 

Fig. 2. 

goo 50 800 50 700 50 600 50 50Q 50 400 

I I- I I I I l i i i 1 i l I ! I. _| I .1 I 1 l i 1 l 1 i i l ■ 1 1 i i i I 1 i i I I I I i I I L i_LJ_1_J 

34. 35 36 37 33 39 40 41 42 43 44 45 46 47 42 49 

Spectrum of the corona, from a photograph. The top scale is that of the micrometer, the bottom 
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The prominence spectrum. 

Close to the solar limb, on both sides of the photograph, bright lines are seen which 

evidently belong to the prominences. On the northern limb these are most numerous 

and brightest. It seems certain, in fact, from a comparison with the photograph 

obtained in the prismatic camera, that the slit must have crossed the prominence 3, 

which, as has already been mentioned, was rich in ultra-violet light. On the same 

plate above and below, the solar spectrum had been photographed after the eclipse, 

and we had, therefore, no difficulty in identifying the principal lines. We see in the 

first place the calcium lines H and K. These two lines are, indeed, the great feature 

of the photograph. Being of great intensity they do not confine themselves to the 

prominence regions, but appear as bright lines through the corona and over the body 

of the moon. The light which is due to them must, in fact, have been so strong that 

the scattered light was sufficiently intense in our atmosphere to give the appearance 

and to be conspicuous everywhere in the neighbourhood of the moon, or else that the 

lens forming the image on the slit was so illuminated as to give this result. It can, 

indeed, be traced to a distance of quite three solar radii. In addition to these lines 

the hydrogen lines must, of course, be expected to be present; and, indeed, their identifi¬ 

cation presents no difficulties. The full series is present, including those photographed 

by Dr. Huggins in the ultra-violet spectra of stars. Once these lines had been 

traced, and their characteristic distribution identified, the work of mapping was 

rendered comparatively easy, as they could be used as reference lines, and thus the 

wave-lengths of the remaining lines determined. The result is given in the following 

Table. The first column gives the intensity of the lines as they appear in the promi¬ 

nence, 1 denoting the greatest and 6 the smallest intensity. The second column 

gives the wave-lengths as determined by means of the hydrogen lines. In the third 

column the origin of the lines is identified as far as possible. In the last column we 

have added the numbers given by Dr. Huggins for the lines seen in a. Aquike ; and it 

will be noticed how, in the ultra-violet especially, many of the lines which we have not 

been able to identify are common to our photograph and to the spectrum of a Aquilse. 

This correspondence was so striking that we felt justified in bringing it forward. The 

relative intensities of the less refrangible lines cannot be given, as their own light is 

so much overpowered by the continuous spectrum that even a strong line can only be 

traced with difficulty. 

2 m 2 
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Intensity. 
Wave-length of 

prominence lines. 
Comparison. 

Dr. Huggins’ 

spectrum of a Aquilse 

4861 H/3 (E) 
4473 4471 (f) 
4340 h7 

4230 
4172-5 
4131 
4120 

4076 4077 (Ca) 4072 
4049 

6 4025 4022-5 
4000 
3997 

6 3989 
1 3968 H 3967-9 
4 3955 Ca 
1 3933 K 3932-8 

3915 
2 3888 H* 3862-5 
G 3859 + 6 3854 
3 3834 H/3 3834 
6 3816 3816 

3807-5 
4 3795 h7 3795 
4 3768 Ha 3767-5 
3 3757 3757-5 
5 3746 He 3745-5 
6 3730 3730 
G 3718 H n 3717-5 
6 3708 Ho 3707-5 
5 3699 H< 3698 
6 3693 3690 
4 3680 3677-5 
6 3674 
6 3667 
G 36581 3656 

3653 / 3654 
3635 Ca (?) 3637-5 

The line 3859 was entered as a band, terminating sharply at 3865 and 3853 ; 

similarly the two lines 3658, 3653 appear on our photograph as joined together. The 

line 3955, which appears between H’ and K, is very likely the representative of a 

calcium triplet, photographed by Professors Liveing and Dewar, and having, 

according to them, a wave-length of 3972’3, 3956’0, 3947’9. The most refrangible of 

the lines appearing in the prominence seems also likely to be due to calcium ; for 

there is a calcium triplet marked as very strong, diffuse at 3644, 3631, 3623-5. We 

are obliged to Professors Liveing and Dewar for their information respecting these 

lines. 

The line spectrum of the corona. 

It has been mentioned that close to the sun’s limb a strong continuous spectrum 

hides any lines which might be present in these regions. We have reason to believe 
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that there are indeed a number of lines in this region. Over the fainter portions of 

this continuous region lines can be distinctly traced. A few of them are sufficiently 

strong to be seen with the naked eye, but most of them require the use of a magnifying 

glass. The lines are no doubt very faint, but we have succeeded in showing them even 

to some whose eyes were not specially trained to examine faint photographic impressions, 

and there cannot be the slightest doubt as to the real existence of these lines. It is 

more difficult to say to what extent our measurements can be considered as accurate. 

They have been taken with a measuring microscope, but it was only when the light was 

good, and when the eyes were in their best condition, that satisfactory results were 

obtained. We give the wave-lengths as being as exact as we can hope for with the 

small dispersion employed. Four or five of the lines can be easily seen under ordinary 

circumstances. These are one line less refrangible than G, of very peculiar appearance. 

At its base it is a broad band, then contracting quickly it fades away into a sharp 

point; close to it is a sharper and longer line. A little less refrangible than H is an 

easily recognised line reaching to a good height away from the sun (more than a 

radius). Two or three lines in the ultra-violet are also easily recognised. 

The following list of lines does not pretend to be complete. There are some lines, 

especially in the ultra-violet, which have not been included, but they are so faint that 

their measurement would have been very difficult. As it is, even some of the lines 

given in the table can only be seen under specially favourable circumstances. On the 

northern side only a few of the principal lines can be traced. We have sometimes 

thought that a different set of lines appeared there, but the measurement and inter¬ 

pretation of the northern line present some difficulties. In the first place the spectrum 

of the corona is much fainter, and secondly the spectrum of the prominences is much 

stronger. Most of the prominence lines, like H and K, stretch across the moon’s 

disc, and therefore also across the corona. Amongst the number of lines we have 

measured it would not be difficult to point to some coincidences with the lines 

of spectra of known bodies, but other equally strong lines of the same bodies seem 

to be wanting, and we do not feel ourselves justified in suggesting any more than 

accidental coincidence. 

Another feature of the photograph is the fact that the Fraunhofer (dai'k) lines 

about G are clearly distinguishable in the coronal spectrum. About this region of 

the spectrum the photographic action attains its maximum, and it is in this locality 

that we should naturally first look for evidence of reflected solar light. That a small 

fraction of the coronal light is reflected light of this nature is now without doubt 

established, the photographic evidences being complete. We may remark that the 

lines are of greatest intensity a little distance from the moon’s track, though at the 

best they are extremely faint. 
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Lines seen in the corona. 

4526 

4501 double (?) 

4473 

4442 

4414 

4401 short 

4395 

4370 short and winged 

4340 H7 

4289 

4267 

4252 

4241 

4224 

4212 

4195 

4179 

4173 short 

4168 

4101 h 

4085 

4067 

4057 

4044 

4015 comparatively strong 

3992 

3948 

Conclusion. 

In conclusion we may briefly review the principal results we have obtained. 
The direct photographs of the corona are chiefly of interest in connexion with 

previous and future eclipses, and we believe that those obtained will be found of 
value, as they have been taken during a time of sunspot maximum ; as they extend 

further than any photographs previously obtained, and as the position of the corona 
has been fixed by their aid to within a fraction of a degree. 

The photograph taken with the prismatic camera is of importance when we come to 

compare spectra of different prominences, which are found to give lines with different 

relative intensities, caused no doubt by differences of temperature. Two prominence 
lines in the ultra-red have been discovered. It is also proved that the green line of 

the corona is a line specially belonging to the corona, forming a distinct ring round a 

large part of the solar disc, whilst it is only very faintly present in the promin¬ 
ences. A faint ring corresponding to D3 is also seen. 

The photograph of the spectrum of- the corona and prominences has yielded an 

abundant harvest. Twenty-nine lines of one prominence have been photographed, 
and the great importance which the metal calcium plays in the solar eruptions has 

been brought to light. Other lines, well known hitherto as chromospheric lines, but 
not traced in the prominences, are now shown to belong to them also, and a number 

of unknown lines, especially in the ultra-violet, has been added to the list. 

As regards the corona, we may perhaps point out that hitherto the position of only 
one true corona line had been fixed, though two other lines had been suspected. The 
corona, during the late eclipse, seems to have been especially rich in lines. Thollon 

observed some in the violet without being able to fix their position, and Tacchini could 

determine the position of four true corona lines in the red; from the photograph we 
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have been able to measure about thirty additional lines, thus increasing the number 

considerably. 

The fact that part of the outer corona shines by reflected light has been once more 

proved by the presence of the dark Fraunhofer lines near G; and if any doubt 

previously existed respecting the presence of dark lines in the corona spectrum, 

that doubt is now completely removed. 

The results have amply proved the value of the photographic method employed, 

and it has been shown how an eclipse of only 70 seconds’ duration can be made to 

yield important information. 

We cannot conclude this paper without a reference to the energy and zeal displayed 

by Mr. C. It. Woods, the assistant told off for the photographic operations. His careful 

development of all the plates has largely contributed to the success of this branch of 

the expedition. A six months’ practice in South Kensington with the particular 

plates employed for the observations made him thoroughly master of the manipulations 

required, and to his mechanical skill in the preparation of some of the pieces of appa¬ 

ratus we are indebted. Mr. Lawrance, Mr. Lockyer’s assistant, also gave valuable 

aid in the photographic work at the observing station. 
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XIL Evidence of a large extinct Monotreme (Echidna Pamsayi, Ow.) from the 

Wellington Breccia Cave, New South Wales. 

By Professor Owen, C.B., F.P.S. 

Received November 3,—Read November 15, 1883. 

[Plate 14.] 

Amongst the detached bones and fragmentary evidences of Mammals from the above- 

named locality, submitted to me by Edward P. PtAMSEY, Esq., F.L.S., who thence 

obtained them, was a humerus sufficiently complete to yield the following characters. 

It was of great breadth in proportion to its length, and, through the unusual size and 

direction of the processes and ridges for muscular attachments, seemed as if the shaft 

of the bone had been twisted half-way round on its axis. 

The head, or proximal articular surface (Plate 14, fig. 1, a, and fig. 3), is a trans¬ 

versely elongated convexity, of a narrow ovate shape, with the broader end toward 

the ectotuberosity, h—the direction.of such joint being at right angles to that of the 

feline humerus, in which, as in Thylacoleo, the antero-posterior or then-anconal 

diameter prevails. The noil-articular portions of this end of the bone extend for 

equal distances to the ento-c- and ecto-6-tuberosities. From the latter is continued 

the “deltoid ” or “anterior bicipital” ridge, f from which, after its course of more 

than one-third the length of the shaft, it is continued by a lower ridge along the 

thenal aspect to be lost in the bony bridge overarching the neur-arterial canal, Jc, o. 

From the ento-tuberosity, c, is continued the “teretial” or “posterior tricipital” ridge, 

along the radial border of the humeral shaft to its termination in a special process 

— the “tricipital,” d. Moreover, both ento- and ecto-tuberosities are connected 

together by a low curved ridge or rising which bounds a small portion of the palmar 

surface of the shaft immediately below the head of the humerus. From the bridge, 

k, is continued a narrow ridge to the ent-epicondylar process, i. The distal end of the 

humerus is continued, ridge-like, from i to a process j midway between the epicon- 

dyles, h and if but bounding the ulnar trochlea, u. A notch below the outlet of the 

* In anthropotomy the term “condyle,” rightly applied to the prominent articular convexities of the 

“occipital,” “ mandibular,” and “ femoral ” bones, is transferred from the distal articular prominence of 

the humerus to the processes for attachment of muscles above the joint-surfaces. I have found it con¬ 

venient, in comparative osteology, to indicate the homologues of the “ external condyle ” and “ internal 

condyle ” of the human humerus by the terms “ ectepicondyle ” and “ entepicondyle.” 

MDCCCLXXXIV. 2 N 
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neur-arterial canal, Jc, indicates the ulnar trochlea and divides the process, j, from the 

articular tuberosity or condyle, l, for the head of the radius. A very small proportion 

of this condyle is continued upon the anconal surface of the humerus (Plate 14, fig 2); 

the convexity there changes to a concavity, u, for the ulna, and from e is continued 

the ectepicondyle, h, as a well-marked outstanding process. 

The above partial description, with the annexed figures, of this, perhaps, most 

modified, after the Mole’s, of Mammalian humeri, suffices to show that we have the 

bone of a Monotreme under comparison, and that it must be referred to the terrestrial 

and fossorial genus represented at the present time by a much smaller species— 

Echidna hystrix (Cuv.). 

The subject of the foregoing description was one of several other remains of phy¬ 

tophagous and insectivorous Marsupials, surpassing, like Nototherium and Phascolonus, 

the still existing Kangaroos and Wombats in bulk, and which, from the fractured 

state and markings of their bones, I conclude were dragged as prey by the sole 

Carnivore of adequate strength and size, at the remote period antecedent, probably, 

to the advent of the biped population of Australia. To the hunger of these so-called 

aborigines for animal food I am disposed to refer the final disappearance of Beasts, of 

Birds (-Dromornis, of twice the bulk of the present Emeu, for example), and of JReptiles 

(of which Megalania is an instance), conspicuous by their bulk, and as unable as the 

Elephants of Africa assailed by Negroes to resist the attacks of Man when impelled 

by the rage of hunger. Such Kangaroos as were not disabled by their weight from a 

rapid saltatory flight have survived with the smaller, easily-concealed kinds. A small 

burrowing Wombat (Phascolomys) still survives ; its skeleton and dentition have en¬ 

abled me to interpret the nature and affinities of its huge extinct ally, the Phascolone. 

So, likewise, the small burrowing ant-devourer, still maintaining an existence, eluci¬ 

dates the affinities of its larger ancient congener. 

I had long hoped to receive some fossil evidences of the Monotremes peculiar to 

Australasia, the lowest modification of the Mammalian class, represented by the 

aquatic insectivore, the Ornithorhynchus, and by the terrestrial kind, Echidna, closely 

resembling the placental ant-eaters. 

For some years after the demise-of Cuvier, both genera were deemed peculiar to 

the Australian and Tasmanian dismemberments of the great southern continent; but, 

of late, a species (Echidna Bruijnii)* and a second kind (Echidna Laioesii)+ have been 

found living in the northern tract of New Guinea. Both these species somewhat 

exceed in size the Australian varieties known as Echidna hystrix (Shaw), and Echidna 

setosa (Home) ; but the fossil here described (Echidna Ramsayi) shows that a species 

* Gervais, “ Osteographie des Monotremes vivants et fossiles,” Atlas, plates vi. and vii. 

f Ramsay, E. P., “Note of a species of Echidna from Port Moresby, New Guinea,” Proceedings of 

the Linnean Society of New South Wales, vol. ii., p. 3. A notice by Mr. Krefft has appeared in the 

‘Annals and Magazine of Natural History ’ (vol. i., p. 113), of fossil remains ascribed to the genus 

Echidna. 
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larger than either of those from New Guinea formerly existed in Australia. I cannot 

conclude without referring to the humerus of a similar exceptional type, but of con¬ 

siderably larger size, which was so associated with vertebral, pelvic, and femoral 

remains of a Reptilian character as to lead me to refer these fossils to the cold-blooded 

air-breathing class4' under the generic name Platypodosaurus. It is noteworthy, in 

relation to a geographical approach to the present limited and exclusive locality of the 

modification which brings Mammals nearest to Reptiles, that the Platypodosaurian 

remains should have been discovered at the southern extremity of the African 

continent. 

As corresponding parts of the humeri of the existing and extinct kinds of Echidna 

are denoted by the same letters in the drawings accompanying the present paper, a 

!‘ table of admeasurements ” need only to be added to exemplify the size-characters, 

those of the humerus of Platypodosaurus being added. 

Humerus. Echidna hystrix. Echidna Eamsayi. Platypod osaurus. 

in. lines. in. lines. in. lines. 
Length . 2 0 3 4 10 6 
Breadth, of proximal end. 1 0 1 9 5 3 

„ middle of shaft. 0 4 0 10 2 3 
,, distal end. 1 9 2 9 5 10 

Thickness (ancono-thenal) of middle of shaft . 0 3f 0 8 2 6 

Plate 14. 

Fig. 1. Anterior or palmar view of the humerus, Echidna Ramsayi. 

Fig. 2. Posterior or anconal surface of the humerus, ib. 

Fig. 3. Articular head of the humerus, ib. 

Fig. 4. Anterior or palmar view of the humerus, Echidna hystrix. 

Fig. 5. Posterior or anconal surface of the humerus, ib. 

Fig. 6. Articular head of the humerus, ib. 

(Parts of the tuberosities b and c are broken off in the fossil.) 

All the figures are of the natural size. 

Quarterly Journal of the Geological Society, August 1880, p. 414, plate xvic, fig. 7. 
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ERRATA IN PANT I. 

Page 96.-—In wave-lengths for zinc, 14 lines from bottom of page, for “ 2754'5” read 

“ 2755-5.” 

Page 112.—The asterisk in the text should come before 254P5, two lines lower down. 
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XIII. On the Dynamics of a Rigid Body in Elliptic Space. 

By P. S. Heath, B.A., Fellow of Trinity College, Cambridge. 

Communicated by Professor Cayley, Sadlerian Professor of Mathematics in the 

University of Cambridge. 

Received January 4,—Read January 17, 1884. 

This paper is an attempt to work out the theory of the motion of a rigid body under 

the action of any forces, with the generalised conceptions of distance of the so-called 

non-Euclidean geometry. Of the three kinds of non-Euclidean space, that known as 

elliptic space has been chosen, because of the perfect duality and symmetry which 

exist in this case. The special features of the method employed are the extensive use 

of the symmetrical and homogeneous system of coordinates given by a quadrantal 

tetrahedron, and the use of Professor Cayley’s coordinates, in preference to the 

“rotors” of Professor Clifford, to represent the position of a line in space. 

The first part, §§ 1-21, is introductory; in it the theory of plane and solid geometry 

is briefly worked out from the basis of Professor Cayley’s idea of an absolute quadric. 

By taking a quadrantal triangle (i.e., a triangle self-conjugate with regard to the 

absolute conic) as the triangle of reference, the equations to lines, circles, and conics 

are found in a simple form, and some of their properties investigated. 

The geometi’Y of any plane is proved to be the same as that of a sphere of unit 

radius, so that elliptic space is shown to have a uniform positive curvature. 

The theory is then extended to solid geometry, and the most important relations of 

planes and lines to each other are worked out. 

The next part treats of the kinematics of a rigid body. The possibility of the 

existence of a rigid body is shown to be implied by the constant curvature of elliptic 

space, and then the theory of its displacement is made to depend entirely on ortho¬ 

gonal transformation. Any displacement may be expressed as a twist about a certain 

screw. A rotation about a line is shown to he the same as an equal translation along 

its polar; so that the difference between a rotation and a translation disappears, and 

the motion of any body is expressed in terms of six symmetrical angular velocities. 

An angular velocity a>, about a line whose coordinates are a, b, c, f, g, h, is found to 

be capable of resolution into component angular velocities, aco, bu . . . haj, about the 

edges of the fundamental tetrahedron. 

The theory of screws is next considered. A twist on a screw can be replaced by a 

MDCCCLXXXIV. 2 O 
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pair of rotations about any two lines which are conjugate to each other in a certain 

linear complex. The surface corresponding to the cylindroid is found to be of the 

fourth order with a pair of nodal lines. Lastly, the condition of equivalence of any 

number of twists about given screws is investigated. 

In kinetics, the measure of force is deduced from Newton’s second law of motion, 

and the laws of combination and resolution are proved. The consideration of the 

whole momentum of a body suggests the idea of moments of inertia, and a few of 

their properties are investigated. The general equations of motion referred to any 

moving axes are then found, and in a particular case they reduce to a form corres¬ 

ponding to Euler’s equations ; these are of the type 

— (B—H)w£w6—(G—C>5a>3=Qx. 

The last part is occupied in the solution of these equations when no forces act, in 

terms of the theta-functions of two variables. A solution is obtained in the form 

&a(x; y) 
OJ j  Cl. ) 

diaO, y) 

r d7(r, y) 

y)’ 

7 &i(z,y) 

y)’ 
_ y) 

0,5 3'aj*,v)’ 

n y) 

W3 $u(*,y)’ 

7. y) 

'Su&y)’ 

where x=nt-\-a and y is arbitrary. But in order that these values may satisfy the 

equations, a relation among the parameters of the theta-functions must be satisfied. 

This is 

CGC10C5C9+ C1C13C2C14= 0* 

The solution is not complete, because after satisfying the equations of motion only 

four constants remain to express the initial conditions, whereas six constants are 

required. 

Introduction. 

A concise review of the characteristics of the different kinds of generalised space will 

be found in the introduction to Professor Clifford’s mathematical works by the late 

Professor H. J. S. Smith (Introduction, p. xxxix.), together with an analysis of 

Clifford’s numerous memoirs relating to this subject. Further information may be 

found in the following papers :— 

Dr. Ball, “On the Noil-Euclidean Geometry,” ‘Hermathena,’ vol. iii. 

Professor Cayley, “A Sixth Memoir on Qualities," Phil. Trans., 1859. 

Professor Lindemann, “ Projectivische Behandlung der Meckanik starrer Korper,” 

Math. Annalen. Bd. vii., 1874. 
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Mr. Homersham Cox, “ Homogeneous Coordinates in Imaginary Geometry, and 

their application to Systems of Forces,” Quarterly Journal, vol. 18. 

For the coordinates of a line see the paper by Professor Cayley, Camb. Phil. 

Trans., vol. xi. 

On the geometry of elliptic space. 

§ 1. Geometrical theorems are sometimes divided into two classes, descriptive and 

metrical. Descriptive theorems have reference to the relative positions of figures, and 

are unaltered by projection and linear transformation. Metrical theorems have refer¬ 

ence to magnitudes, such as lengths of lines, the measures of angles, areas and volumes. 

But it has been pointed out by Professor Cayley that metrical theorems may always 

be stated as descriptive ; they are descriptive relations between geometrical figures 

and certain fixed geometrical forms, which he calls the Absolute. In ordinary 

plane geometry the Absolute consists of an imaginary point-pair on a real line, viz., 

the circular points at infinity. The magnitude of the angle between two lines, for 

instance, may be expressed as a function of the anharmonic ratio of the pencil formed 

by the lines, and the pair of lines drawn from their intersection to the Absolute point- 

pair. In three dimensions the Absolute is the imaginary circle at infinity. 

2. Professor Cayley generalises this idea of metrical theorems by supposing the 

Absolute to be the points and planes of a fixed quadric surface in space. The Absolute 

in any plane consists of the points and lines of a fixed conic lying in the plane, the 

conic being the intersection of the plane with the Absolute quadric. 

There are three different kinds of geometry of space depending on the nature of this 

Absolute quadric. These are 

(1.) Elliptic geometry, in which all the elements of the Absolute are imaginary. 

(2.) Hyperbolic geometry, in which the Absolute surface is real, but contains no 

real straight lines, and surrounds us. 

(3.) Parabolic geometry, in which the Absolute degenerates into an imaginary conic 

in a real plane. 

In what follows we shall suppose all the elements of the Absolute imaginary. 

3. On any line there is an Absolute point-pair, viz., the intersections of the line 

with the Absolute quadric. The position of any point on the line will be determined 

when we know the ratio of its distances from the Absolute points. If we denote this 

ratio by z, the distance between two points must be a function of the ratios z1 and z2, 

corresponding to the points. 

Now, the fundamental property of the distance between two points may be expressed 

by the relation 

PQ+QB=PR 

where P, Q, Pt are three points on the same line. In view of this relation the distance 

between two points zl5 z.2 is defined to be 

2 o 2 
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where c is an arbitrary constant. Hence, in this generalised system of Geometry, the 

distance between two points on a line is measured by the logarithm of the anharmonic 

ratio of the range formed by the two points and the absolute point-pair of the line, 

multiplied by an arbitrary constant. 

4. The relations between lines passing through a point and lying in a plane are 

exactly the same as the relations between points along a line. Among the lines lying 

in a plane and passing through a point there are two fixed lines called the Absolute 

pair of lines; these are the pair of tangents that can be drawn from the point to the 

Absolute conic of the plane. The measurement of angles will thus be exactly similar 

to the measurement of distances. The angle between two lines lying in a plane is 

measured by the logarithm of the anharmonic ratio of the pencil formed by the lines 

and the Absolute pair of lines passing through the point, multiplied by an arbitrary 

constant. There is a special advantage in choosing both these arbitrary constants 

to be -> where i denotes \ —1. 

From these definitions it follows by properties of poles and polars that the distance 

between two points is equal to the angle between their polars, so that any theorem of 

distances has a reciprocal theorem relating to angles. 

5. Let U = 0 be the equation to the Absolute conic in any plane in the notation of 

Ordinary Geometry. If (aq, yx, zx), (x2, y2, z2) be any two points, the coordinates of 

any point on the line joining them are proportional to aq— Aaq, y1—\y.2, z1—Az,2. 

Hence to find the Absolute point-pair we have the equation 

Tj n — A U22—0 .... 

with the usual notation. 

Let 8 be the generalised distance between the points 1, 2. Then 

h 

« 

where \1? \2 are the roots of the quadratic equation (1). Hence 

therefore 

that is, 

g28z_j_ g—28;- y+y 
A^ A^ 

e~'-t-e 5'j ~_(Aj+Aj)2 

~ 4A1A2 9 

COS2 8: 
U12 

IT U L n-' 22 

(2). 
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6. As the triangle of reference take any self-conjugate triangle with respect to the 

Absolute conic, so that the equation to the conic becomes 

px2 -f- qy'2 -f-rz2 = 0. 

Then T^lz=px-ix^-\-qy^y<2l-\-rz1z%, and 

cos2 8 = 
{ pxpc 3 + qyyj2 + rzxz2y 

(px{~ 4- %j\ + rz?)( px* + qyf + rz*) 

This suggests a new system of coordinates. Let (x, y, z) denote the cosines of the 

generalised distances from the angular points of the triangle of reference, of a point 

whose coordinates were {xy, y1} zx) in Ordinary Geometry. 

Then 

px i2 
XX = &c. 

Hence 

pxp + qy-f + rzx2’ 

x2jry2-\-z2— 1, 

.and the equation to the Absolute conic is 

£r3+y3d-23=0. 

Then if 8 denote the distance between two points (x, y, z), {xf, y', z'), 

cos 8 = xxf-\- yy'-\-zz'- 

7. If {l, m, n) be the coordinates of any point, the equation to its polar line with 

respect to the Absolute conic is 

lx-\-my-\-nz— 0. 

Here (l, m, n) may be looked upon as the coordinates of the pole, or the tangential 

coordinates of the line, indifferently ; and we shall always suppose that 

Z2+m3+n2=l. 

The form of the equation shows that a point is distant one right angle from any 

point of its polar. From this theorem, we deduce by Reciprocation, that a given line 

is perpendicular to any line through its pole. Hence the sides and angles of any self¬ 

conjugate triangle with respect to the Absolute conic are all right angles. Such a 

triangle is called a Quadrantal triangle. We can now give a new interpretation of 

the coordinates (x, y, z); they are the sines of the perpendiculars from the point let 

fall on the three sides of the triangle of reference. 
O 
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8. The angle between two lines is equal to the distance between their poles ; i.e., if 

6 be the angle between two lines whose poles are (/, m, n), (l', m, ri), 

cos 6=11' mm' nn . 

To draw a perpendicular from a point to a line, we have only to join the point to 

the pole of the line. In general we can draw only one perpendicular from the point 

to the line, but if the point be the pole of the line, every line through it is a 

perpendicular to the given line. Let or be the sine of the perpendicular from a point 

(x, y, z) to a line 
lxJrmyJrnz=0. 

Then 07 denotes the cosine of the distance of the point from the pole of the line, 

therefore 
or= lx-\-my-\-nz. 

The equation to the line joining two points (x, y', z), (x", y", z") is 

x y z 

x y z 
ft // A 

x y z 

= 0 

The equation to a line drawn from a point (x', y', z') perpendicular to a line 

lxJrviy-\-nz = Q is 
y z =0 x 

/ / / 
x y z 

l m n 

9. We now proceed to establish the Trigonometry of any plane. Let A B C be a 

triangle, and, for simplicity, let C be an angle of the triangle of reference, and let A, B 

be the points 1, 2. Denoting the sides of this triangle by a, b, c, we get 

cos c=xlxi,-\-y1y.2-\-zlz.2 

cos a=z2 

cos b=z1 

Again, the equation to the absolute pair of lines through C is 

x2~hy2=0. 

It is easy to see that the formula 

cos 
TT 2 

2 g— U12- 

UnU,., 
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is applicable to this case also, therefore 

cos2 0— 
(x\xi~t~jjihY 

and therefore 

Hence finally 

(V+yiW+y.8)’ 

^2+.m = sin a sin & cos C 

cos c = cos a cos 6+sin a sin b cos C. 

From this equation may be deduced, as in Spherical Trigonometry, the relations 

sin A_sin B sin C 

sin a sin b sin c 

Hence the geometry of any plane in elliptic space is the same as the geometry of a 

sphere in ordinary space. A straight line in the plane corresponds to a great circle 

on the sphere. But further, the distance between any two points measured in the way 

we have indicated is periodic, the length of a complete period being 27t. Hence we 

infer that the radius of any great circle of the sphere is unity. Thus any line and 

any plane may be supposed to have a uniform positive curvature unity. 

Biemann, in his memoir “ On the Hypotheses which lie at the Bases of Geometry,” 

speaks of the curvature of an w-fold extent at a given point and in a given surface 

direction; he explains it as follows :— 

Suppose that from any given point the system of shortest lines going out from it 

be constructed. Any one of these geodesics is entirely determined when its initial 

direction is given. Accordingly we obtain a determinate surface if we prolong all the 

geodesics proceeding from the given point and lying initially in the given surface 

direction ; this surface has at the given point a definite curvature, measured in the 

manner indicated by Gauss. This curvature is the curvature of the w-fold continuum 

at the given point in the given surface direction. 

If we construct a surface at a given point of elliptic space in any direction in the 

way thus indicated, the geometry of such a surface is the same as that of a sphere 

of unit radius in ordinary space. Thus for all points and for all surface directions 

the curvature will be unity. Hence elliptic space is said to have a uniform positive 

curvature. 

10. The general equation of a conic, in the notation of ordinary space, is a homo¬ 

geneous equation of the second degree. Hence, when we pass to the new coordinates, 

the equation to a conic will still be homogeneous and of the second degree. If we 

choose our triangle of reference to be the self-conjugate triangle common to the conic 

and the Absolute, the form of the equation becomes 

Ax2 B f + Cz~ — 0. 
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The sides of this triangle of reference may be called the principal axes of the conic. 

The condition that an equation of the second degree should represent two straight 

lines, is that the discriminant should vanish. If we consider the equation 

s=%2+r+22)> 

and make the discriminant vanish, we get three pairs of lines, which are the repre¬ 

sentatives of the asymptotes in ordinary geometry. If we take the form of the 

equation referred to the principal axes, we see that a pair of these lines passes through 

each angular point of the triangle. The asymptotes, however, no longer touch the 

conic, but are the six lines joining the four points of intersection of the conic with 

the absolute. 

11. If the equation to a conic be 

fr+r, ~r=0 

the tangential equation becomes 

ct~l~+62m2+c2n~=0. 

The tangential equation of the absolute is 

n~ = 0. 

The foci of a conic may be defined to be the six points of intersection of the 

common tangents to the conic and the Absolute. Confocal conics are those which 

have the same common tangents with the Absolute. Hence the tangential equation 

of a system of confocal conics is 

aH3+h-ru~ -fi cVr -f- X(l'2 -{- m~ -j-«2) = 0 

and therefore, in point coordinates, the equation to a system of confocal conics is 

0 0 O 

—-— -J-——— — o. 
ci~ b~ T- A. c" A. 

Thus confocal conics have the same principal axes. Also it may be shown in the 

usual way that confocal conics cut at right angles, and that two confocals can be drawn 

through any point in the plane. 

12. Ihe equation to a circle whose centre is (/, m, n), and the cosine of whose 

radius is r, is 

lx-\-my-\-xz—r; 
or, making it homogeneous, 

(lx+my-\-nzy=)°(x2+y~ + z~). 
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The form of this equation shows that a circle is a conic having double contact with 

the Absolute in the two points in which it is met by the polar line of the centre of 

the circle. 

Many other interesting properties of conics may be worked out by means of these 

equations, but'as they will not concern us we pass on at once to the geometry of three 

dimensions. 

Solid geometry. 

13. As before, we refer the Absolute quadric to a self-conjugate tetrahedron. Let 

the equation to it, in any system of plane coordinates of ordinary space, be 

pod-{-qft2-\-ry2 -f .sS3 = 0. 

Then, if 6 be the distance between the points 1, 2, 

Pnc, 2/9—_[+ gfllAi + rr/^2 + s8Af_ 
[i}ai + cifti + rYi2+s^i2][ija22+i'Aj2++sSd] 

This again suggests a new system of homogeneous coordinates. Let {x, y, z, u) 

denote the cosines of the distances of the point (a, /3, y, §) from the four angular 

points of the tetrahedron of reference. Then 

_V* -■_&c 
~px2 + q/3* + rry* + s&’ ' 

For any real point 
i q i q i o t 

%~ryJrz-\-u— 1. 

The equation of the Absolute quadric in these coordinates is 

»2+r+22-HF=o. 

Also if 6 be the distance between two points (x, y, z, u) (x, y, z, u), we have 

cos d—XX '+yy'+ zz -\-uu ’. 

14. If {l, m, n, p) be the coordinates of a point the equation of the polar plane with 

reference to the Absolute quadric is 

lx-\- my -\-nz-\- \m — 0. 

In the equation to any plane we shall suppose the coefficients such that 

l~ ffi TO3 + n2-\-p ' 1 

2 r MDCCCLXXXIV. 
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and then (/, m, n, p) will be regarded indifferently as the coordinates of the pole, or 

the coordinates of the plane. The distance of a point from any point of its polar plane 

is a right angle; and from what was proved for two dimensions it follows that any line 

passing through the pole of a plane is perpendicular to the plane. The lengths of the 

six edges and the angles of all the faces of the fundamental tetrahedron are all right 

angles. Such a tetrahedron is called a quadrantal tetrahedron. The coordinates 

(x, y, z, u) are the sines of the perpendicular distances of a point from the four planes 

of reference. If we put u — 0 in any formula the system reduces to the same coordi¬ 

nates as were used in two dimensions. Let m denote the sine of the perpendicular 

from any point (x, y, z, u) to the plane 

lx -f my -\-nz -\-p u — 0, 

then T3- is the cosine of the distance between (x, y, z, u) and the pole of the plane, 

and therefore 

zj=Ix-\- my -b nz -f pu. 

The angle between two planes is equal to the distance between their poles, so that 

if 6 be the angle between the two planes (/, m, n, p), (l', m, n, p), 

cos 6=11' -\-mm -{-nn -{-pp. 

15. A straight line may be conveniently specified by six coordinates, as shown 

by Professor Cayley. Let (x, y, z, u), (pc', y, z, u) be two points on any line, and 

(/, m, ii, p), (V, in, n , p') two planes through it, so that 

lx -\-my -\-pii — 0^ 

Vx -\-m'y -{-nz -{-pu —0 I 

lx -{-my -{-nz -{-pu =0 

I'x -{-my -{-nz -{-pu = 0 

Eliminating l between the first and third equations we get 

0 -j- m(xy —x'y) —n(zx —z'x) -{-p(xu'—x'u) = 0 

Similarly, 

0+m'(xy'—x'y) — n'(zx'—z'x) + p'(xu'—x'u) — 0, 

and we can obtain other equations of similar forms in the same way. Let a, b, c, J, g, h 

denote respectively the quantities 
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then 
yz'—y'z, zoT—z'x, xy'—x'y, xv!—xfu, yu'—y'u, zu'—z'u, 

. —cm-f bn—fp =0 j 

cl . —an—gp= 0 

-bl-\-an . — lip — 0 

fl-\-gm-}-hn . =0 

There is a similar set of equations obtained by writing V, m, n', p' for l, m, n, p in 

these equations. 

Taking the equations 

—cm -\-bn —fp =0 

—cm'-\-bn'—fp — 0 

and eliminating f we have 

c(mp' — mp) — b(npr—n'p) 

Proceeding in this way, and eliminating the other letters in turn, it is easily seen 

that 

a : b : c : f : g : li 

— lp—Vp : mp'—mp : np' — n'p : mri—ru'n : nl' — n'l : I'm —I'm. 

Choose the planes (l, m, n, p), (l', m, n, p') to be at right angles, and the points 

(x, y, z, u), (x, y, z\ u) to be distant a right angle ; then 

(Ip— I'pYf- (mp —m'pY(np'—n'p)2+(mri — m'n)2 -f- (nl'—(lm — I'nif 

(Z'3-f m2+ p2)(('z-\~ m'2+n'2-\-p'2) — (IT+mm' + nn'-\-p p')3 

= 1, 

and similarly it may be shown that 

(yz'—y'z)2-\- (zx — z'x) 3+ (xy'—x'y) 3+ (xp —afp)z-f (yp — ypf-\- (zp — z'p) - = I. 

Hence 
a = yz'—y'z—lp' — Vp, 

and so on for all the letters, and 

cr-f lr-\-c2-\-f'2-Tg2-{-h2= l. 

From the forms of a, b, c,f g, h, it is easy to show that there is an identical 

relation between them 

af-{-bg-\-ck=0. 
2 p 2 
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r 

The quantities a, b, c,f g, h, are thus reduced to four independent variables and are 

called the six coordinates of the line. 

16. If we interchange the letters (x, y, z, u) with the letters (l, m, n,p), we get the 

polar line of the first. Hence the coordinates of the polar line are 

f 9, h, a, b, c. 

The co-ordinates of the line joining two points (x, y, z, u), (x\ y, z', u') distant an 

angle 6 from each other, are 

sin 9 
&c. 

Similarly for the line of intersection of twro given planes. 

It has been incidentally proved that the conditions that a line a, b, c, f g, h should 

lie in a plane l, m, n, p, are 

— cm-\-bn—fp=0 j 

cl . —an—gp=0 I 

— bl-^-am . —hp=0 | 

fl -\-gm-\-hn . =fij 

which are equivalent to two independent relations. These are also the conditions that 

the polar line f g, h, a, b, c should pass through the point (/, m, n, p). 

The coordinates of a line through a point {x, y, z, u) perpendicular to a plane 

(l, m, n, p) are 

a — 
yn—zm 

sin 9 
&c. 

where 9 is the angle between (x, y, z, v) and the point (/, m, n, p), which is the pole of 

the plane. 

17. We shall now find the length of the perpendicular from any point (x, y, z, it) to 

a line a, b, c,f g, h. 

Let (l, m, n, p), (l\ m, n', p’) be two perpendicular planes passing through the line. 

Let Tiq, ct, be the sines of the perpendiculars from (x, y, z, u) on these planes, and 

let trr be the sine of the perpendicular on the given line. Then by Spherical 

Trigonometry 
o_ o . 2 

7TT- 777 | ' 777 i' • 

77Ti = lx -f my -f nz -\-pu 1 

zs2z=l'x-\-m'y-\-nz-\-p'u I 

Now 
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therefore 

TiJ ^ t n 1   . — hy-\-gz—cmj 

rzgri — tzrvm= /;»: . —fz — bu i 
r ' y 

zsgi—=—gx-\-fz . —cu 

zspp —777zP = + . 

If we square and add these equations, the left side becomes TTf'-j-ard; hence 

cr2=az(xz+«2) -J- b2(y2-\- u2) + c2(z2 + u2) -f/3(y2+ «2) d-f72(22d“ *2) + /t2(ad + ?/) 

-f- 2yz(bc —gh)-\-2zx (ca —hf)-\-2xy(ab—fg) 

-f- 2xu(cg — bh) -}- 2yu [ah—cf) -j- 2zu (bf — ag). 

18. Any line which meets a given line and its polar, cuts both perpendicularly, and 

the length of the part intercepted between them is a right angle. If’ we have two 

given lines in space, which do not meet, we can, in general, draw two lines cutting 

both perpendicularly; these are the two lines which can be drawn meeting the two 

given lines and their polars. These two common perpendiculars are conjugate to eacli 

other with reference to the absolute. 

Let (a, b, c,f g, h), (cV, b', g', hf) be two given non-intersecting lines, and let S 

be the length of one of their common perpendiculars. Draw a plane (l, to, n,p) through 

8 and the first line, and another plane (V, to', n', p) through § and the second line, and 

let 6 be the angle between these planes. Draw also a plane (X, /x, v, zs) through the 

first line and perpendicular to the plane (l, to, n, p), and (X', //, v, ts') through the 

second line and perpendicular to the plane (V, m, n',p'). Then we have the following 

relations:— 

/X +TO/x -\-nv -\-pzx = 0~j 

1\' -\-mp -\-nv -ppm' =0 I 

I'X -\-m p -\-n'v -pp'rz =0 I 

V\' -(- in'g -1- n'v -\-‘p'tz' = 0 j 

IV +TOTO' '+ nn' -\-pp' — cos 6 

XX-f~ gg + vv + COS S 

Now 

a =mv —/in, &c. 

toV—gri, &c. 

Hence it follows that 

act'd- W+cc +ff+gg'+ hh' 

= («'+ toto'4- nn +pp')(\\'+fifi'-\- vv trrsr ) 

— (IX-\-nv p-\-n'v-\-p'zs), 
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and therefore 

cos 6 cos B=aa'-\-bb'-\- cc'+ff'+gg'+hh'. 

19. Again, if we expand the determinant 

l m n p 

A. fJL V 77 

l' m' ri p' 

X' f V 7s' 

it becomes 

af'+bg'-fc h' -{-fa+ g b'+be 

Now, squaring the determinant, we get 

A3= 1 . cos 9 

1 . cos 8 

cos 6 L 

cos 8 . 1 

= 1 — cos2 6 — cos2 8 + cos2 9 cos2 8 

= sin2 9 sin2 8. 

Hence 

sin 9 sin 8—af'-\-bg'-\-cli-\-fa-\-gb'-\-hc. 

These formulae remain unchanged if we pass to the other common perpendicular, or 

if we take the two polar lines instead of the given lines. 

If the lines meet one another 

of + bg' + eh'-{-fa -{-gb'+he— 0, 

and then the angle between them is given by the equation 

cos 9=ad ' + bb' -t- cc f ff+gg'+hli. 

20. The equation to a sphere, whose centre is (/, to, n, p) and the cosine of whose 

radius is r, is 
lx + my+nz+pu = r. 

This may be written in the homogeneous form 

{lx+my -f- nz-\-pu } 2=r2 (f+f1+z2+w2). 

Hence we infer that a sphere is a quadric touching the absolute quadric along its 

intersection with tire polar plane of the centre of the sphere. The polar plane itself is 

a particular case of a sphere, the radius being equal to a right angle. 
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21. The general equation of a quadric is a homogeneous equation of the second 

degree in x, y, z, u. By an orthogonal transformation we know that we can rid the 

equation of the products of (x, y, z, u), and at the same time keep x2-\-y2-\-z2-\-u2 

unchanged. The equation will then reduce to the form 

Ax2-J-By3+ Cz2+Du2 = 0. 

The tetrahedron of reference is the common self-conjugate tetrahedron to the given 

quadric and the absolute. The six edges may be called the principal axes of the 

quadric. 

The equation to a system of confocal quadrics may, as before, be shown to be of the 

form 

x2 if s2 %2 
a~ + A+62 + X+c2 + X^"^3 + X=0' 

Hence confocal quadrics cut at right angles. 

The kinematics of a rigid body. 

22. By a rigid body we mean a collection of particles so bound together that the 

distance between any pair of them remains the same, however the system be moved 

in space. In general, if we assume an arbitrary system of measure-relations as the 

basis of our definition of distance, a rigid body could not exist. But it is pointed out 

by Riemann in his paper “ On the Hypotheses which lie at the Bases of Geometry,” 

that the special character of those centinua, whose curvature is constant, is that 

figures may be moved in them from one position to another without stretching. This 

may be illustrated for two dimensions, by saying that any figure traced on a spherical 

surface may be moved from one position to another on the surface without deforma¬ 

tion. But on the other hand, a figure traced on the surface of an ellipsoid, or other 

surface for which the curvature is not uniform, can exist in one position only. Now 

in elliptic space there is a uniform positive curvature; hence we assume that a figure 

which exists in one position can exist in any other position of space without changing 

the distance between any two of its points. The same result is arrived at by Klein, 

by showing the possibility of finding a linear transformation, which transforms the 

absolute quadric into itself. 

23. A point is always distant a right angle from any point of its polar plane. 

Hence a point and its polar plane always move together like a rigid body. 

A displacement which leaves all the points of a given line unchanged in position, is 

called a rotation about that line. If we take any two fixed points on the line, the 

distance ol any point of the body from each of these remains unchanged. Hence it 
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follows, by Spherical Trigonometry, that the point describes a circle, whose centre is 

the foot of the perpendicular let fall from the point to the axis of rotation. In the 

case in which the point lies on the polar line of the axis of rotation, the radius of the 

circle is a right angle, or in other words the circle becomes a straight line, viz., the 

polar line itself; so that any point on the polar line of the axis of rotation remains 

on that polar line. 

A displacement which leaves all the planes through a given line unchanged in 

position is called a translation along that line. In such a displacement the poles of 

these fixed planes will be fixed points; in other words, all the points of the polar line 

are fixed. Hence a translation along any line is also a rotation about the polar line. 

If we measure a translation by the distance through which any point of the line of 

translation is moved, and a rotation by the angle through which any plane through 

the axis of rotation is turned, we see that a translation along any line is exactly the 

same thing as an equal rotation about the polar line. 

In elliptic space a translation has a definite line associated with it, just in the same 

way that a rotation has a definite axis. A translation through four right angles 

brings a body back to its original position. 

24. In working out the kinematics of a rigid body, we shall suppose a quadrantal 

tetrahedron fixed in the body, so that the whole theory will depend on orthogonal 

transformation. Let (l, m, n, y>)L % 3i 4 be the coordinates of the four angular points of 

the quadrantal tetrahedron moving with the body, referred to a fixed quadrantal tetra¬ 

hedron in space. Let (x, y, z, u) be the coordinates of a point referred to the fixed 

tetrahedron, (xQ, yQ, z0, u0) the coordinates of the same point referred to the other 

tetrahedron. 

Then 

x0=I]x-\-m1y-\-n1z-\-p1u 1 

y0 = l2x-f-m.2y + n2z -\-p2u I 

A=hx+mz>y + nzz +lhu j 
u0 = lpc+myy + np +pyi j 

If we square these equations and add them and make 

O | O | 9 i 9 i 

X0~ + Vq' + V + U0~ — 1 

for all values of (x, y, z, u), we find relations among the coefficients, of the types 

113 +/32 +42 +L3 =1 I 
1 pw1+l.2m2+ldm.6 -f 0 j 
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Again multiplying the expressions for xQ, y0, z0, u0 by lv l2, 13, 14, respectively, and 

adding, we get, by virtue of these relations, 

x=llx(}-\- Uy(j + J3z0+/Au(j, 

and there are similar expressions for y, z, u. 

If we square and add the new set of equations, and make 1 for all 

values of x0, yQ, z0, u0, we find another set of relations among the coefficients, of the 

types 

I* +Wi3 +%3 +Pi3 =1 

/14+m +n pin -\-rp — 0. 

We may include all these equations in a scheme similar to that used for orthogonal 

transformation in ordinary geometry 

X y z u 

a?o h ni Pi 

Z/o k m2 n2 Pz 

zo k m3 n3 Ps 

w0 h ni4 ni 2h 

In this scheme, the sum of the squares of any row or column of the determinant is 

unity ; and the sums of the products of the corresponding terms in any two rows, or 

in any two columns, is zero. 

The square of the determinant by means of these relations reduces to unity, so that 

Aa=l. 

If the positive directions of the edges of the tetrahedron retain the same relative 

positions towards each other, so that the tetrahedron could be moved into its new 

position, we must take A = + l. This may be easily verified for simple cases. This 

is the only case that concerns us in the motion of a rigid body. 

Comparing the equations 

Ax0=XqLa+y.jLo+"qL.3+p(JLJ( 

X=1AXo +hjy0 +kyQ +hp0 J 

where L1? L3, L3, L^, are the minors of lv l2, l3, we see that each constituent in the 

determinant A is equal to its minor. 

25. Let the coordinates of the edges 23, 31, 12, 14, 24, 34 be (a, b, c,f g, h) 1,2,3,4,5,6' 

From the transformation of x0, yQ, z0, u0 it is easily seen that 

Wo-!/o\) = (!/z'-^)K)l3-¥2)+ ... to six terms, 

MDCCCLXXX1V. 2 Q 
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that is 
cq—ciciy -J- -f- cc ^ JrffiJt~99iJrhh1. 

This and similar equations give us the formuke for transforming the coordinates of 

a line. The transformation is orthogonal, and proceeding as before, we may use another 

transformation scheme, viz. 

a b c / 9 h 

«o cq Cl A 9i K 

cq h C2 A 92 K 

Co «3 h C3 A 9s h3 

/o cq C4 A 94 K 

9o cq h c5 A 9o K 

K cq c6 /e 96 h5 

This determinant possesses properties similar to those proved for the other deter¬ 

minant ; the sum of the squares of the terms in any row, or any column, is unity, and 

the sum of the products of corresponding terms in any two rows, or in any two columns, 

is zero. 

26. From this scheme it follows that the coordinates of the edges of the fixed 

tetrahedron referred to the other will be (cq, cq, cq, cq, cq, cq), &c. There are other 

relations between the constituents of the determinant, due to the fact that opposite 

edges are conjugate polars with reference to the absolute quadric. Thus 

«i=/J h=94 

f\—ch) 9i = h 

If we square the determinant we get 

D2=l. 

As before we take D=1 ; in fact, D is the determinant formed out of the second 

minors of A. Whence 
D —A3.* 

Hence if we choose A = 1 we must have D=1 also. 

Each constituent of the determinant D is equal to its minor. Also each minor of D 

is equal to its complementary minor. 

27. In any displacement of a rigid body there are always two lines which remain in 

the same position after displacement. 

* Cf. Scott’s “ Determinants,” chap, v., § 9. 
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For let a, b, c,f g, h be the coordinates of a line which remains unchanged. If 

such a line exist, we must have 

0 = a(a1 — 1 ) + &&! d-ccj +dj4 +^1 -f/i/zj 

0=aa2 + &(&3“ l)+cc2 +/A + hh2 

0 = act3 + 663 1 C
O

 

+
 1) ~h//.3 +5^3 fi-Mg 

0=aa4, + % + CC4 +/(/4“ !)+m -\-bh^ 

>0 

II 
0

 + &&. + cc5 +//5 +^(^5- 1)+M5 

0=aa6 + 66e +cc6 

These equations are not independent; they are equivalent to four independent 

equations only. 

We proceed to eliminate g and li between the equations 2, 3, and 4. The deter¬ 

minants thus introduced can be simplified by virtue of the relations between 

{l, m, 71, p)h%-sA- Thus 

foA)=(m?Ah - m i lh)A p, - n2px) - (mlft - mppj (w3 p1 - nxp8) 

=p1{mAiP2-n2Pi) + m2(n3Pi-niPz)+mi(n.2Pa-'>hpl)} 

— PiC 

Similarly 

(sA)—ih4 {9J12)— Pih- 

Again 

M 9-A)+<h(ffA)+a3{gji a) 

= —Pi { k(m Ph ~ nhn 1) + k(mins—mPh) + k(min2 ~ m-2ni)} 

— Pi{mvhni— 
Similarly 

Wa) + )(pA)Jrh(9Jh) — —ihO'h + 4) 
c*(sA) +co(y3/q) +(c3-i )(sA)= Pi{k+™ i) 

(/i-iXS'AR/afsA) +/s(flrA) = Ai(4 +Ai). 

Hence (finally) 

—pM^i + 4) +i?ic(4+mj +Pi/(4+Pi) = 0. 

By a similar process we arrive at the following equations 

+&(% +4) — c(4 +mi)~/(4 +Pi)=°"] 
—«(m3+%) • +c(4 d-Wi)— P'(m4+pa)=:0 \ 

a(m3+7i2) — b(7i1 +4) . —/t(%+i>3) = 0 | 

/(4 +i>i)+flf(w4+i>a)+^K+^8) • =° j 
2 Q 2 
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Again, since a4 =/j, b$=gY, c4=/q, &c., the last three of the original equations are 

the same as the first three, with f, g, h written respectively for a, b, c. Hence these 

three give rise to the group of equations 

+9(^i + k)~Hh+mi)—'a{h +Pi)=0 

—/(ws+%) • +h(l.2-\-ml)—b (m4 +y>2)=0 

/(m3+w2)-^(w1 + l3) . -c(n4 +_p3) = 0 

a(h ~hPi) + ^ {mi +P2)+c{n4 +P3) • =0 

It is not difficult to show that the first three equations of the first group, with the 

last of this group, contain all the rest. 

Besides these we have the equation 

af+bg+ch=0. 

If we substitute for f, g, h, their values in terms of a, b, c, it becomes 

ik+Pi)^,c{(n4!+Ps){k+'ini) — (m4+P2)(wi+y}+ two similar terms=0. 

This with the equation 

u{h+Pi) + &(™4+#,) + c(n4+p 3) = 0 

will give us a quadratic in the ratios of a : b. 

Hence there are two lines which remain fixed during any displacement. Since the 

equations to find f g, h are exactly the same as those to find a, b, c it follows that one 

of the lines will be the polar of the other. 

The above work implies that the determinant 

h 3 ci 3 

((2 5 ^2 1 3 C2 3 

aS 3 h 3 c3 I3 

vanishes. I have verified by actual calculation and reduction in terms of (l, m, w,p),L2i3i4 

that the determinant and all its first minors vanish; but the work is too long to be 

reproduced here. 

Expressing the fact that two lines remain fixed during any displacement in kine- 

matical language we learn that any displacement whatever of a rigid body may be 

produced by two rotations, about two lines which are conjugate to each other with 

reference to the absolute. Instead of rotations we might have said translations; or, 

expressing one of the rotations as a translation along the polar line of its axis, we 

learn that any displacement of a rigid body may be effected by a rotation about a line 
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and a simultaneous translation along it. Instead of the line we might equally well 

have used its polar. 

28. Suppose the position of any rigid body determined by the coordinates of the 

angular points of a quadrantal tetrahedron fixed in the body. Then, for a displacement 

of the body, we have the equations 

x—lxxo +l2yQ +42o +4wo ~j 
y=m1xQ+m.2y0+m3z0+m4w0 i 

2=ni%o + nzVo + +zo + n*uo ' 
u=plxQ +p2y0 +ihzo +ku0 J 

The sixteen quantities 4> l2, &c., have relations among them, and it is possible to 

express them all in terms of six properly chosen variables. These new variables 

aq, co2, <a3, oq, co5, co6 are thus defined :— 

0Ji = liPi + 4^2 + 4^3 + 4Pr 

^3=niPi + >hP 2 +ns2h 

oKy—mpi, + m.2n2 + msns + m4w4 

«6=Vi +%4 +%4 
o)6=l1m1 2 + 4m3 + 47n4 

Since 

4Pi + hP%+4Ps+4+4= 0 &c- 

we immediately deduce six other equations by differentiation. These are 

~M\ — l\V\ + 4+2 + 42b + 4+4 
— g>2=m2y>2+m3_p3 -f mpp 

— °J3=niPi + nyP?J A^hPs + n4+4 

— aq= mlnl + m2w2 -j- m3m3-fm4m4 

~0)5=n1l1 +Va + ws4 +n44 

— a)Q=i1m1 + 4W72 + 4to3 + 4m4 J 

And besides these, we have the four equations 

o=44 +44 +44 +44 
0=w1w1 *T m2m2+m3m3-f-mpr< 4 

0 = rqnj + w8n3 +n3n3 +%w4 

0=27i+i ++2P2 ++3+3 ++i+r 
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From these it follows at once that 

— wi • Pi — w6?ni “t" "h 0 • h = h 

In this way we arrive at the following equations :— 

4 — . —0)6 TOj + eOgWj 

m1= cogli . —ci>^nl 

Pi — 6Ji/i+co3mi + w3pi 

and similar equations hold for the other suffixes. 

29. Substitute these values in the equations for x, y, z, u, and make the variable 

tetrahedron instantaneously coincide with the fixed tetrahedron ; then 

x— . — co6y-\-a)5z—aqw 

y— cotix . —co5z — o)2u 

z = — 0)5X-{- U)£) . — 0)3U 

'll— lOpC -j- OJ.^y -j- Ct)gZ . ^ 

To interpret the Hs suppose all except one (say co:) to vanish. Then y, z vanish; 

therefore the distances of the moving point from the angular points 2 and 3 are con¬ 

stant. Hence the displacement is a rotation about the axis 23. If we put u= 1, we 

get£c=— &q. Hence io1 is the angular velocity about the axis 23. This angular 

velocity is from the angular point 1, towards the angular point 4. 

Assuming the principle of superposition of small motions, we may say that the 

equations give us the rates of change of the variables x, y, z, u, due to a motion, which 

is the resultant of angular velocities aq, aq, aq, aq, co5, aq, about the six edges of the fixed 

tetrahedron, 23, 31, 12, 14, 24, 34 respectively. 

30. In exactly the same way we may express the variations of l, m, n, p, in terms 

of six other variables, 01} 02, 03, 0±, 05, 0e, defined as follows :— 

-"lPi"! 

i 

waPi I 

0i = kk+mim* + ni>h+Pilh 

02=kk+ m-2r>h+nPh+PPh 

03=hh+ m3m4+ 
. 

°l= 44+m2W3+ '>h'>h+PlPA 

#5 = 44+ m?Ph + Vi +P3 Vl 

6»6=44-f mpiii-P npi2+_pip3 ^ 
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These equations give us 

4= • + <44-^4+<44 ] 
4=-<Vi • + <44+^4 l, 
4— <44-^4 • +<44 j 

4 — 44 44 44 • J 

and similar equations in w?, n, and p. 

It will be seen that — 0l3 — 03, — 03, — 4? — <4> — 4> are formed from the coordinates 

(4, 4, 4, 4)> &c-> in exactly the same way as aq, aq, w3, aq, oi5, cu6, were formed from 

(l, m, n, p), &c. Hence, if we regard the variable tetrahedron as fixed, the other 

tetrahedron will have angular velocities — 0l5 — 03, — 03, — 04, —0-o, — 06 relative to it. 

Hence, reversing the motion, we see that 04, 03, 03, 04, 05, 0G are the angular velocities 

of the moving tetrahedron about fixed axes instantaneously coinciding with its own. 

31. By definition, 

0i = hh+mi'>1h+nlni-\-2hP±- 

Substitute the values of lx, mv nv px in terms of the ofs; then 

^.e., 

4 = "1 {hlh—kPi)+ "a(miP4 ~m4Pi)+"3 {ni2h ~ Vi) 

+ta4(TO1n4-«i4w1) + <u6(«14-nJ1)H-fi> 

— "l/l + "20fi+ W34 + W4a4+ W6C4 

^1 — "iai+ "A + "3ci + "r/i + "s0'i+"0+ 

Similarly for the other 0’s. Hence the 0’s can be expressed in terms of the ofs by 

the same transformation scheme that was used for expressing a0, b0, cQ,f0, g0, h0, in terms 

of a, b, c,f g, h. 

32. This result gives us the law by which angular velocities and translations are 

resolved. For suppose all the 0’s zero except 04, then 

(o ^ — CL 4 0 4 

ca2=b101 > 

W3=C1 @1 . 

"4=/l4“ 

"6—9\0\ > 

In other words, any angular velocity 0, about a fixed line (a, b, c,f, g, h) is equivalent 

to component angular velocities «0, b9, c9,f9, g9, h9 about the six edges of the funda¬ 

mental tetrahedron respectively. 

A translation along a line may be resolved into translations along the six edges 

according to the same law. 



304 MR. R. S. HEATH OH THE DYNAMICS OF 

Hence, the component angular velocity about a line (al5 bx, cl5 fx, gx, hx) of an angular 

velocity 6 about {a, b, c,f g, h) is 

+%+ ccx +ffx+ggx+hhx) 

If the lines meet, this law is similar to the parallelogrammic law in ordinary space. 

To find the component angular velocity about any line, we multiply the given angular 

velocity by the cosine of the inclination of the line to the axis of rotation. 

Also the component translational velocity along the line (ax, bx, cx,fv gx, hx) due to 

the same angular velocity 6, is 

0(«/i+tyh + chx +f<h+gbx+hcx) 

Hence the expression afx-\-bgx-\-ch1-\-fax-\-gb1-\-hcx denotes the velocity along one 

line due to a unit angular velocity about the other. It is sometimes called the moment 

of the two lines. 

33. We shall next find the rates of change of the coordinates of a line, due to the 

angular velocities o)x, a>.2, oj3, o>4, co5, co6. 

Take two points (x, y. z, u), (x, y, z, u'), distant a right angle from each other. 

We already know expressions for x, y, z, u in terms of the oj’s. Nowr 

{yz'-y'z) 

and therefore 

-yz—zy'+yz'—zy' 

— (xa)G —zco4 —U(a.2)z —(—X(o5 -fyoj4—uas)y' 

+ (— ®'fi)6 + yo)4-u'co3)y — (x'co0 —zw^—uo.^z. 

= o)G(xz'—x'z) — oj.2(uz'—u'z) + cod(xy'-\-x'y) — lo.^yu'—y'u) 

ct— oj0b -)- oj-C — oj3g-\- oj.2Ji 

Hence finally 

(.L— . ■——|— CO5C . —(t).yg oi.Jl 

b- OJgCi . —oj4c-fi ojg^* . -—co-Ji 

c=—o)5a-\-(oJ) . —(oj+o)xg 

f— • — 0)3b+(02c . —OJ Gg-\-co-h 

g= (t)3a . —(tixC-\-0)Gj , +0J4/i 

/i==—oj2a-{-ojxb ■ —ojg f 4$ 

Since —0X, —0.2, &c., correspond to oj1; co2) &c., if we apply these formulae to the 

edges of the fixed tetrahedron we find 



A RIGID BODY IN ELLIPTIC SPACE. 305 

<q— . + 06%— 0ba3 . + dsa-0—02ci6 

«2 = — ^fi«l • +^#3 —^3% • + 9ia6 

Of 2  ft O 1 9 2 • [~ fhcq, • 

a4= . + $3«o — #o«3 . +$6a5 — ^5a6 

%=—103«1 • +^1«3—^G«4 • + ##6 

«6= %ri — ^i«2 • + Oy^—Oyi- 

34. Let 34, q2, qs, q±, q5) q6, be any quantities which obey the same law of resolution 

as has been proved for angular velocities ; we can now find the rates of change of 

these quantities, referred to axes moving with the body. Let Q1} Q3, . . . Q6, be the 

rates of change of these quantities. Now cqcq+cqg'gfi- oqg'gfi- cq^-fi ahqb-f a6qQ is the 

component of the q s in a fixed direction. Hence we must have 

d 
—(ui^i+ay^-h . . . +a6?6) —aiQi+a2Q3+ • • • +a6Q6 

Differentiate out the left side, and substitute for cq, cq, cq, . . . cq, in terms of the 

angular velocities of the moving axes about fixed axes instantaneously coinciding with 

them, i.e., in terms of the 0’s. Then 

.cqQi+a3Q3+ . . . +a-6Q6 

=aiQi - 9s<h+es<h ~ ez<h + 
similar terms in cq, cq . . . cq, 

and there are similar equations with b, c, . . . substituted for a. If we multiply these 

equations by cq, b}, <q,. . . , and add, we find an expression for Qx. In this way we 

arrive at the equations 

Ql = 2l • -te+%3 • -%5 + ^6 

Q3=(?2+%1 • -%3 + %4 • ~%6 

Q8 = ?S“^5?l + ^45,8 * ~9^+9lTo 

Q*=& • -%2+^3 • -%,+%6 

Q5 = ^5 + %1 • “%3 + te • -%6 

Q6 = 2'6-%l + ^2 • -%4+%5 

Theory of screws. 

35. It has been shown that any state of motion of a rigid body may be reduced to 

a translation along a line and a simultaneous rotation about it. Such a motion is 

MDCCCLXXXIV. 2 R 
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called a twist about a certain screw whose axis is the given line. The same motion 

may be effected by a twist on a screw whose axis is the polar line. Let the angular 

velocities about the edges of the fixed quadrantal tetrahedron due to any such twist 

be Oa, Ob, He, Of, fig, Oh, respectively, where 

a2+b2+c3+f3+g2+h3= 1. 

Then a, b, c, f, g, h, may be defined to be the coordinates of the screw, and O the 

magnitude of the twist about it. The quantity 2{af-)-bg+ch} may be called the 

parameter of the screw, and will be denoted by k. If k= 0, the coordinates are the 

coordinates of a line, and the motion degenerates into a rotation about the line 

represented by the coordinates. 

The locus of lines which have no lengthwdse velocity due to a twist about the 

screw, is the linear complex 

sf-\-hg-\-oh-\-fa-j-gb + he = 0. 

This we shall call (after Lindemann) the Rotation Complex. If Oa, Ob . . . had 

been translations instead of rotations, the same property would have been enjoyed by 

the polar complex 

an■+b^ fi- cc+ff-\- gg+hh = 0. 

This is called the Translation Complex. Any property of one complex has a 

corresponding property of the other. 

The trajectory of every point on a line of the rotation complex is perpendicular to 

the line. Hence the trajectory of any point whatever is normal to the plane which 

corresponds to the point in the complex. 

If we refer back to the expressions for a, b, c,f, g, h, we see that 

a/’+ bg+c/i+fet+g6 + he = 0 
and also 

a« + hb + cc+ff-\- gg+hh = 0 

Hence, if any line belongs to either complex, it will belong to it after receiving a 

small twist about the corresponding screw. Hence, by superimposing such small 

twists, it follows that both complexes are transformed into themselves by a twist about 

the corresponding screw. 

36. The screw may be replaced by two rotations, or two translations, in an infinite 

number of ways; any line may be taken as one axis of rotation or translation, the 

other axis being the conjugate polar of the first with respect to the Rotation Complex. 

For let the twist about the given screw be equivalent to rotations X, g, about axes 

ax, bx, cx, fx, gx, hv and a,2, b.2, c2, f2, g%, h2, respectively. 
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Then 
Oa — Acq “I- 

Ob^=A8j —/r82 

Oc — Xc1 —b gc^ 

Squaring and adding we get 

Of — A/) +/x/2 

Og=\y, +/xg:3 f 

Oh A h [ —h /x/q 

also 

O2 = A2-bg2+2A/x cos 0 cos 8 ; 

fl2k=Xg sin 9 sin 8 

where 8 is the length of a common perpendicular to the two lines and 6 the angle 

between them. Further, from the iorm of the above equations, it follows that if any 

line of the rotation complex meet one axis of rotation, it will meet the other. Hence 

the two axes of rotation are conjugate polars with respect to the rotation complex. 

The axes of the screw are obtained by making the second line the polar of the first. 

This gives 

Oa=Arq-b/x/j 

Of=Afx +/xcq 
&c. 

and therefore 

A2+/x2=02 

\g — 02& 

The axes of the screw are conjugate polars with respect to both complexes ; i.e., 

they are the directrices of the congruance formed by lines common to the two 

complexes. 

37. We shall now find the surface corresponding to the Cylindroid. 

Let one twist be defined by the components Oa, Of, the others being zero; and a 

second twist by the components O'b', O'g', the rest being zero. Let the resultant 

motion be a rotation A about a line a, b, c,f, g, h, and a translation g along it; we have 

to find the surface generated by this line. As before 

Oa=Aa+/t/' 1 O b — Xb gg 

Of = A/>+/raJ Vl'g'—\g-\-gb 

and 

c=0, h=0. 

Hence the new axis always meets the lines (0, 0, 1,0, 0, 0), (0, 0, 0, 0, 0, 1), i.e., 

the new axis always meets the common perpendiculars to the axes of the given screws. 

From these equations we easily deduce 

2 e 2 
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\(«f —■/&,)=— f{) 

\{bg'-gb')=ix(bb'-gg) 

Hence eliminating X : y 

(b'f — a g') {ab -fy) = (ab' - fg') {bf- ay). 

This equation must be expressed in point coordinates. Since c = 0 and h=0, 

x' y' 
—=z——m say, 
x y 

and 
z' v! 
—=—=n say. 
z u J 

Substituting for x, y', z , v! in the expressions for a, b,f, y, the factor (m—n)2 divides 

out and the equation to the Cylindroid becomes finally 

(b'f— ag')ccy(z2+w2) = (ab/—fg')zw(£c2+?/2). 

This is a surface of the fourth order having the common perpendiculars of the axes 

of the two given screws, for nodal lines. 

38. To find the conditions that any number of twists about given screws may 

produce rest. 

The method here employed is the same as that given by Spottiswoode, in the 

‘ Comptes Kendus,’ t. lxvi. 

Let the coordinates of the screws be a0, b0 . . . a1? bj . . . , there being n screws; and 

let the magnitudes of the twists on them be £l0, Then the conditions 

that they will neutralise each other will be 

2(Ha)=0, X(nb)=0 . . . 2(flh) = 0. 

The expression 

a</i+Kg’i+c0h! + f0ax+g0b 1 + l^cq 

is called the simultaneous invariant of the two screws 0 and 1, and it will be denoted 

by (01). Similar expressions will apply to the other screws. The quantity (00) will 

be the parameter of the screw (0). 

By means of the equations of condition we get 

X(na)X(nf)+1 (nb)2(flg)+s(nc)S(nh)=o. 

Multiply these out, then 

+pih2(v)=0. 

Here X implies summation from 0 to n— l inclusive. 
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Now let S imply summation from 1 to n—1 inclusive. Then writing the equations 

of condition in the form 
£'(na)= — 120a0, &c., 

we can show, as before, that 

£,(tat)2,(nf)+ =lfl02(00), 

i.e., 

ZX'n&jdj)+%%'n =ifi02(oo). 

Subtract this from the former equation, then 

S'n1o0(o,i)+n02(o,o)=o. 

In this way we deduce the following equations 

n0(o,o)+ft1(o,i)+n3(o,2)+ ... =o 

n0(i,o)+o1(M)+o*(i,2)+ ... =o 
fl0(2,0) + n1(2,l) + O8(2,2)+ ... =o 

The condition that these should be simultaneously satisfied is that the determinant 

should vanish ; that is, 
(0,0) (0,1) (0,2) 

(1,0) (1,1) (1,2) 

(2,0) (2,1) (2,2) 

= 0. 

39. Since (0,1) = (1,0), &c., this determinant is symmetrical. Let [0,0], [0,1], . . . 

denote the coefficients of (0,0), (0,1), ... in the expansion of the determinant. Then 

[0,1]=[1,0]. 

Then we can solve any (n— 1) of the equations to find the ratios O0 : n1 : . . . 

Suppressing the first equation we get 

flO:[0,0]=(-l)*“1«1 : [0,1] 

Similarly, by suppressing the second equation, we find that 

no:[l,0]=(-l)”-1n1:[l,l] 

and so on. Hence finally 

Xl02 : XV :. . . =[0,0] : [1,1] : [2,2] . . . 
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The determinant equated to zero gives the relation between the coordinates of the 

screws, and these final equations determine the ratios of the twists on them in order 

that they may produce rest. 

In the case of simple rotations or translations the coordinates become the coordinates 

of lines, and therefore, 
(0,0) = 0 (1,1) = 0... 

(0,1) will be the moment of the lines of action of the translations or rotations, and 

the conditions that the system may produce rest are of the same form as before. 

Kinetics. 

40. The definitions of acceleration, momentum, and kinetic energy of a particle are 

taken to be exactly the same as in ordinary space, and do not need further comment. 

We shall next consider the measure of force. To determine a force completely we 

require a line of action and a measure of its magnitude. We assume that a force may 

be applied at any point of its line of action. As in ordinary space w’e shall take 

Newton’s second law of motion as the basis of the measurement of forces. This law 

states that “change of motion is proportional to the impressed force, and takes place 

in the direction in which the force acts.” Hence, if a force act on a particle of known 

mass it will cause a change of momentum in the direction of its action, and the 

measure of the force will be proportional to the change of momentum per unit of time. 

By the proper choice of the unit of force we may deduce the equation 

P=mf 

which gives the dynamical measure of any force. 

Since a linear acceleration f along any line is exactly the same thing as an angular 

acceleration f about the polar line, it follows that a force P along any line is the same 

thing as a couple P about the polar line. 

41. Newton’s law further implies the physical independence of forces; i.e., if a 

number of forces act on a body each produces the same effect as if it alone acted on 

the body. Hence if a number of forces act on any number of particles each force 

produces its own effect, and to calculate the resultant of the forces we must calculate 

the resultant change of momentum per unit time; in other words, the laws by which 

forces are combined are the same as those for velocities and accelerations. If, there¬ 

fore, a force P act along a given line whose coordinates are a, b, c, f g, h its effect is 

the same as if forces Pa, Pb, . . . acted along the edges of the tetrahedron of reference; 

and the component force along any other line a', b', c,f', g, h' is 

¥{aa + bb’-\-cc +ff +gg’+hh') 
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and the couple about it is 

P (af H- bg + ch' +fa + gb'+ch'). 

42. All the theorems about compounding linear and rotational velocities apply to 

systems of forces and couples. Thus any system of forces may be reduced to two, 

acting along lines which are conjugate to each other with respect to a certain linear 

complex. Any system of forces may be reduced to a wrench about a certain screw. 

We can now give an interpretation to the simultaneous invariant of two screws. 

For suppose LI is a twist about a screw a, b, c, . . . , and Q a wrench about another 

screw a', b', c, . . . Then Ha, fib, . . . are angular velocities about the six edges of 

the tetrahedron of reference, and Qa', Qb', . . . are couples about them. Hence if the 

body receive a small displacement about the first screw, while the wrench Q about the 

other screw is acting on the body, the rate of doing work will be 

flQ (af'+bg'+ch'-f-fa'+gb' +he') 

and therefore the simultaneous invariant of two screws is the rate of doing work, 

when the body has a unit twist about one screw, while a unit wrench on the other 

screw is acting on the body. 

43. The condition of equilibrium of any number of wrenches on given screws is the 

same as the condition that a number of twists about the screws should neutralise each 

other. If the wrenches reduce to couples or forces we have only to make (0,0) = 0, 

(1,1) = 0, . . . The conditions, therefore, for the equilibrium of any number of forces 

P0, Pl5 . . . acting along given lines are, first, that the determinant 

(0,1) (0,2) ... 

(1,0) • (1,2) ... 

(2,0) (2,1) . ... 

should vanish, and further, that the forces should be proportional to the square roots 

of the minors of the terms of the leading diagonal of this determinant. 

44. Since P—vnf, if we resolve the force P into the components Xx, X2,. . . X6 along 

the edges of the fixed quadrantal tetrahedron, and if vx, v2, . .. vG be the components of 

f along these edges, we have 

mVi=Xi (i= 1,2,3,4,5,6). 

Applying these equations to all the particles of the body, and using D’Alembert’s 

principle, the equations of motion of the body become 

2mVi=2Xi (^=1,2,3,4,5,6). 
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Multiply these equations by vlf v2, . . . v6 and add; then 

tm(v1v1+vivi+ . . .)=S(X1v1+ . . .), 

and therefore integrating, 

i'Zmv2,=% (Xi^id- . . .)dt, 

which is the equation of conservation of energy. 

45. We must now express the velocities of all the particles of the body in terms 

of the given angular velocities &q, oj2, co3, oq, co5, &q. 

Let a, b, c,f} g, h be the line through (x, y, z, u) along which this point begins to 

move. The line will therefore join the two points (x, y, z, u) and {x-\-x^t, y-\-yht, 

z-\-z§t, u-\-uht). Hence 

a :b : c :f: g : h 

=y(z+zht)—z(y+yht) : . . . 

—yz—zy : zx—xz : xy — yx : xu—ux : yu—uy : zu — uz 
But 

yz—zy=zu(D.2—yuco3+(yz-\- z3) oq—xy oq—zxco6 

and we have similar expressions for the other terms. Hence 

yf=(x2+u2)u 1+xyoi2 -\-zxw 3 ZU(D- +yuco6 

3 
H

 II cn + {y'2+u 2)w2+2/Zft,3 -{-zu(o± . —xucoq 

yll—ZX oq + (z3+w2) &>3—yuio± xilco^ 

ya— -\-zucj2 — yuw 3 + (r+22) —xyo) 5 — ZXOJg 

yb = —ZWoq • XUg)q - zy&q + (z3+X2) 0)5 - yZaq 

g,C =?/Waq — xmo2 —— yz<o5 + {x2+y2) 

where y is some common factor yet to he determined. 

46. Square and add these expressions. The left side reduces to y2; on the right, the 

coefficients may be simplified by virtue of the relation, £2+y3+z2+u2 = 1. Thus the 

coefficient of oq3 is 

xl -j- 2x~u°+«4+x2y2+z2x2+z2u~ + y2u3 

= (x2 + u~) (x2-j-y~+z2 + ir) 

=x2-\-u2. 

Again, the coefficent of 2aqaq is 
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xy(x°-\- u°) -\-xy(y2-\- it?) -\-xyz?—xyi? 

=xy(x2-\-y2-\-z^+u2) 

-xy. 

All the other terms may be simplified in the same way, and therefore finally 

y2= (i)-f(xl-\-u9) +oj33(3/2+m2) + (u32(z3+m2) 

+ "r%3+z3) +co53(z34-^3) +uZ(x2+y2) 

+ 2xy((0z(0s—0)50)6)-\-2zx(a)50)1 — (0&0)^ Jr2xy((o1co.2 — coiw5) 

-p 2xu(co3o)5 — <y3co6) "h ^yu[yix(oG — &>3oq) -f- 2zu (&)3&q—aq&q) 

Next multiply the equations by a>l5 co2>. .. coG and add; the same expression as before 

appears on the right, and therefore 

that is 

,xK/+ co.2g + o)Ji-pco4« + o)Gb -p w6c ] — y2, 

y = ~p -p co^b -f- OJgC. 

Hence y is the velocity of the point under consideration, and the above expressions 

for ya, yb, . . . are the velocities of the point (x, y, z, u) resolved along the six edges 

of the tetrahedron. 

47. Multiplying them by m the mass of the particle, and taking the sum for all the 

particles of the body, we find expressions for the linear momenta of the body resolved 

along the six edges of the tetrahedron. For brevity, let A=Sm(ar-{-M3), &c., and let 

Py=tmyz, P2=%mzx, &c. Then if (g)L3)3i4i5i6 denote the angular momenta about the 

edges 23, 31, 12, 14, 24, 34, or the linear momenta along the edges 14, 24, 34, 23, 31, 

12 respectively, 

<Zl= Aoq +P3<y3+P2<y3 . — P6w5-f P5&>6 

2b— IV'T + B&u +P1<U3+P6«4 • — P^fi 

ch— 

fh— • +P6wi—Pow3+Fw4 — P3W5 —P3W6 

qh—— V6w1 . -(- P>3—Psw4+ <Jco5 — Pi&jg 

q6= P5W1+P4W2 • — P3w4—PiCOg+Hwg 

Also taking \%my2 we get the kinetic energy, viz.: 

2T=Awp -j- Bo)33 Co)33 -p F oj42-p G&q3-pHoj63 

+ 2P1 (coo w3 — &>5a)6) -p 2Po((y3a>1 — w6w4) + 2 P^aqajg — &q(u5) 

+ 2P 4(w3w5 — w3w6) + 2P5(w1w6 — togoq) + 2P6(<y3aq—aqcug) 

2 s MDCCCLXXXIV. 
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48. The last article suggests the idea of moments of inertia. We may define the 

sum of the products of the masses of all the particles of a body into the squares of 

the sines of the perpendicular distances from a given plane, as the moment of inertia 

of the body with regard to the given plane. Similarly the product of inertia with 

regard to two planes is the sum of the masses multiplied by the product of the sines 

of the perpendicular distances from the planes. The moment of inertia about a line 

may be defined in a similar way. The moment of inertia of a body about any plane 

(l, m, n, p) is 
%m{lx-\-rny-\-iiz -\-p w2)2 

i.e., 
l~%mx2-f-m^my2-f- n2Xmz2-f-p2%mu2-\-2lm'Zmxy-fi . . . 

Thus the equation 

l2%mx2Jr . . . -\-‘2mn%yzJr ... =0 

is the tangential equation of a surface of the second order, which has the property 

that the moment of inertia about any tangent plane is zero. Professor Clifford calls 

this the null surface of the body. The property just mentioned is independent of the 

system of coordinates chosen. 

49. By an orthogonal transformation of such an equation of the second degree 

we can rid the equation of the products m, n, . . ., and at the same time keep 

Z2-f-m3-f-n2-\-p2 unchanged. The surface now becomes 

/22 nix2+m22my2+ir'Zmz2+p22 mu2 = 0. 

The planes of the particular quadrantal tetrahedron chosen may be called the four 

principal planes of the body, and the edges the six principal axes of the body. 

The envelope of planes which give a constant moment of inertia, MK3, is given by 

the equation, 

l2%mx2^m2’Zmy2-\-n2Xmz2-\'p2Smii2=WK2[l2-\-m2-\-7i2-\-p2). 

This is a surface of the second order. Now 

l2-\-m2-\-n2-\-p2=Q 

is the tangential equation to the Absolute quadric. Hence, this surface has the same 

common tangent planes with the Absolute as the null-surface has. In other words, 

this surface and the null-surface stand in the same relation to each other as confocal 

quadrics in ordinary geometry. Hence the planes which give a constant moment of 

inertia envelope a quadric confocal with the null-surface. 

50. We next consider the moment of inertia about a line. 

Let a, b, c, f g, h, be the coordinates of any line, then it was shown in § 17, that 

if try be the sine of the perpendicular distance from any point (x, y, z, u) to the fine, 
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772=:a3(ar + u2) + b2{y2-\-u2) + c2(z2 + u~) 

+/%2+ *2) +r/(z' + ;«2) + h~{oc~+y~) 

+ 2yz {be —gh) + 2zx (cci—hf) + 2xy(ab —fg) 

+ 2 xu(cg — bh) + 2 yu(ah—cf) + 2 zu (fb—ag). 

Making use of the previous notation the expression for the moment of inertia 

becomes 

Mfc3 = Aa2+B62+C c2+Ff~+G#2+H/F 

+ 2P1(6c —gh) + 2P3 (ca—hf) + 2P3(«6 — fg) 

+2P fcg - bh)+2PS (ah-cf)+2¥(.(fb—ag). 

If we refer this to the principal tetrahedron of inertia, all the P’s vanish, and it 

reduces to 

m2=Aa2+Bb2+Cc2+¥f2+Gg2+m2. 

It must be noticed that the quantities A, B, C, F, G, H are not independent; 

for since 

X~ + if + z2 + u2 = 1, 

we have 

.a+f=b+g=c+h=m, 

where M is the mass of the body. 

51. We are now in a position to write down the most general equations of motion 

of a rigid body, under the action of any forces, referred to a quadrantal tetrahedron 

moving in space, in any manner. For in § 34 we obtained formulae for the rates of 

change of any quantities, obeying the usual law of resolution and composition, rela¬ 

tively to axes moving in any manner. Applying these formulae we can obtain the rate 

of change of momentum relative to any moving axes. Equating the rate of change of 

momentum to the impressed forces, we get the equations of motion. Let qx, q.2, . . . qQ 

denote the six components of angular momentum about the six edges of the tetra¬ 

hedron, and let Q1; Q2, . . . Q0 denote the total impressed couples about these lines. 

The expressions for qx, q2, . . . qe, have been given in § 47. The equations of motion 

are, therefore, 

Cll • 'h^6?2+^5(Z3 • — 03<76+02(76 = Ql 

0 6?1 • + • -%6 = Q2 

?8“”05?l + 04?8 ’ • —Q3 

ch ' ~ ^2+ ^2^3 • — + —Qr 

?6 + ^l?l • • “^G=Qo 

• -0-Qq±+0±q 5 • =Qe 
2 s 2 
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We may write the values of the ^’s in the form 

where T has the value given to it in § 47. 

52. If we suppose the tetrahedron fixed in the body, we must put 91=&>1, 6-2=Cl>.2 .. 

and if further, the tetrahedron be the principal tetrahedron of inertia, the equations 

will correspond to Euler’s equations. They then become 

A&q — (B — H)«2<y6 — (G— C)w5(U3=Q1 

Bw.,-'(If-Aj&Jg&p-(C -P Q-2 

Cwo —(A —— (F — B )m4:oj.2 = Qs 

Faq— (B — C )(o2oj3 — (G — H)w5<y6 = Qi 

Gap— (0 —Ajopoq— (H — F)a>6&q=Q5 

Ha>(;• (A —B japan—(F —G)w46)5=Q6. 

53. If the body be moving under the action of no forces, there are two invariable 

complexes, viz. : 

qj+ q%g+#+7i«+#+qQc=o 
and its conjugate complex. For since the equations of motion express the fact that 

the q’s do not change, these complexes will be fixed in space. The complex whose 

equation has just been given is the locus of lines along which there is no linear 

momentum. If no forces act, if we multiply the equations of motion respectively by 

op, op, . . . ojt;, and add, we get by integration 

A<y j3 d~ Bq)33 -p C&>33+F <u42-F G<a52+H<u62 = 2T 

which is the equation of conservation of energy. 

If again we multiply the equations of motion by Aoq, Bap, . . . , and add, we arrive, 

at another integral of the equations, 

A3Wl2+BV+C3a)32+FV+GV+HV=K3, 

which expresses the fact that the sum of the squares of the q’s is constant. 

One more integral may easily be found. For let 

A=maz, B—mb2, . . . 
then 

/==l-a2 g~ = l—b'2 h*= 1-c3 
and 

G —C=M(1 — 62—c2) = H—B, &c. 

Hence the first three equations may be written in the forms 
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ct~oj] -f- (1 — b~ — c2) (wgWfj — (UgWg) = 0 

lroi.2-\- (1 —c3 —a3)(<u3<y4—&j1&j6) = 0 

czo)3-\-(l—a* — wawj!) = 0. 

From these we immediately deduce the equation 

crwy 

1 —A2—e2 

52&)23 c2o>32 

1-Y2+1-T~T2= a constant. 1 —c2 —cr 1—a- —6“ 

Solution of the equations in terms of the double theta-functions. 

54. The equations of motion of a solid body under the action of no forces can be 

solved in terms of the theta-functions of two variables, one of the variables being a 

linear function of the time. The solution, however, is not complete, owing to a 

deficiency in the number of arbitrary constants. 

The notation employed will be that given by Mr. Forsyth in his “ Memoir on the 

Double Theta-functions,” published in the Philosophical Transactions for 1882. 

The definition of a double theta-function is expressed by the equation 

f /"X n\ I m=CO 51=00 (2rii+n)2 (2n+v)2 (2m+iJ.)(2n+v) 

' H)x, y\— t . 2 ( — l)mK+npp i q 4 r 2 ^+fOWjf@»+»> 
l\M'> J m= — oo n= —oo 

in which y, p, v are given integers (afterwards taken to be each either zero or unity) 

\P> v) 
and is called the characteristic; x, y are the variables; p, q, r, v, w are known 

constants, called parameters (in our case arbitrary constants) ; and the double summa¬ 

tion extends to all positive and negative integral values (including zero) of m and n. 

There are sixteen different double theta-functions distinguished by suffixes 0, 1, 2, ... 15. 

These are written 3-0(x, y), Sfx, y), . . . , or when the variables are easily understood, 

simply S0, f, . . . 

The characteristics of the sixteen functions are given in the following table :— 

n \0, Oj CD CD /°,1\ 
\o, o) (So) (”) CD CD 

^2 dlO S8 f dll $9 

CD CD CD n. ox 
Vo, 0/ CD 

r—1 
r-H 

H
3

 CD 
d5 d7 dl5 dl3 d6 dl4 dl3 

The functions &10, &n, S5, S7, S13, S14j are odd functions, the rest even. 



318 MR. R. S. HEATH ON THE DYNAMICS OF 

55. For brevity denote 

£(»+£ y+y)bJ ©, 

3(x—£, y—y) by 0', 

$(x, y) by 3, 

y) by 0, 

for all the different suffixes. Also let 

C0=['^o(aO 2/)].r=o,y=05 &c- 

for all the even functions. 

Mr. Forsyth finds formulae for the products © ©' for different values of the suffixes. 

These are given on p. 834 et seq. of his Memoir. In the 13th set occur the first four 

of the following six formulae. The remaining two formulae are not in his list, but are 

proved in exactly the same way. 

C4C8 ©0 © 12= ^0 ^12"h ^1 ^13'^5'^9 ^6^kA^14 ^7 ^11^3 ^15 

C0C2 ©14© 12= '^14'^12-t- ^14^12^0-^2 ^5^7 ^9^11 ^9 @1V% 

C2C9 ©7 © 12= ^2^9 ^7 '^12~b^7 ^12^2'^9 -b^5^14'^0'^ll”b ^0 ^11^5 -^14 

C9f12©9 © 12=^9^12^9 '^12-b^0 ^5 ^0^5 ^2^7 ^2^7 ^11 ^14^11^14 

C2C12©2 © 12=^2^12^2 ’^'12'h^O ^o^lA^ll ~F ^9 ^7 ^9 ^7 

C0C9 ©5 © 12= ^0^9 ^5 ^12 H-^7 ^14^Al 1 "F ^5^12'^0’^9 "F ^2 ^11^7 ^14 

If in each of these formulae we change the sign of F- and then subtract each new 

formulae from that from which it is derived, we deduce the following six equations :— 

C4C8 (©0 © 12 © 0 ©12) = '^ A @13^5^9 ^G^IO^Ah) 

CUC2 (©14© 12 © 14©12) =’^ (^9^11^5^7 ) 

C2C9 (©7 © 12 © 7 ©12)=’^(^7 ^12^2'^9 ~F ^O^lA^Tt) 

C9Ci2(©9 © 12 ©9 ©12) = -A 05 3q3- OcjOrj 3^ ) 

C2C12(®2 © 12 © 2 ©12) = ’“ A ^14^0'^14-t_^7^9 ^7^9 ) 

C0C9 (®5 © 12 © 5 ©12)= “A ^12^0^9 “F ^2^11^Au) 

56. The odd functions 35,... will vanish when x=Q, y— 0. Let c5 be the coefficient 

of x in the expansion of 3-, so that 

and so on for all the odd functions. 

Differentiate all the equations of the last set with respect to £ and then put £=0. 

We notice that 
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|/(-+f) =£/(*+« 

Hence, taking the first equation, 

•{ 
C4C8' 

Q X Q ^12 

or 
d 

C^8dx \3, 

— ClC13’^5'^9 C6C10r^'2'^14 

3„ 3, ^5 
I —C1C13 q Q C6C10 q q ^12 ^12 

14. 

12 

Performing the same operations on all the equations we arrive at the following six 

relations:— 

C^8 dx [3, l — C l C13 

d 

dx \3 

d 
CoCg — I 

* J dx \3i 

x- =c1dlc 

'6"l0 

‘C9C11 

CaC 9"12 
A 
dx V ^12 

d 13. 

C^dx\3 

Cot’9 dx\3, 

2_ 

12/ 

3, 

d5 dg 

^12 d12 

dp do 
14" 12 q q ‘ 

"12 "12 

32 39 

3 3 "12 "12 

30 3b 
l = C0C5 Y q- 

^12 ^12 

d0 3U . 
= co c,4 7T o +c7c. 

■CijC7 

=CS c 

'0 "14 q q 
"12 "12 

3q 39 
12 ^12 d12 

7" 9 

■/2"ll 

*^2 d]4, 

^12 3W 

h. 37 

312 djV 

'k, 

d]2 312 

3o 3? 

312 >9-] 2 

37 ^9 

$12 3U 

37 dll 
d12 dl2 

57. If we take the mass of the body to be unity, and notice that 

A+F=B+G=C+H=1, 

the equations of motion of the body under no forces may be written 

A 

1_B —C Wl6,30,6~~0,36,5 = ^ 

B 
+ ‘"1^6—() 

C 
YZX-B ^ + W1W5“"2^4 = 0 

ai4+co5w6 —OJ2&)3 = 0 

W5 + W-1W6 — oq&Jg = 0 

cug + ai^ —aii&j^O. 

1 —A 

B-C 

1 — B 

C-A 

1-C 

A-B 

A 
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Assume, therefore, 

X(x> y) 
y) 

(o2=b 

a)3=c 

XX, y) 
X2X, y) 

XX, y) 

X%(x> y) 

°>i=f 

u-o=9 

XX, y) 

X%X> y) 

XX, y) 

XzX> y) 

a>6 = h XiX, y) 

AsO®* y) 

where in all these formulae x—nt-\-a and y is arbitrary. The coefficients a, b, c,f g, 

h, and n, a are arbitrary constants. If we substitute these values of oq, oq, . . . co6 in 

the equations of motion they give the equations 

A 

1-B-C 

B 

1-0-A 

C 

1 —A—B 

1 —A 

B-G 

d I S, 

nadx\Y^ U2 

7 d ( S 2 
nJ) dx 

d 

dx \A12 

d / Sr 

*>£[?)=¥ 

nf dx \S U2 
L — i 

A A, 
As Aa 

X Al 
As Aa' 

x A, 
As A 2 

A A. 

14 \ S 

•A^ As 

A Sj 
A 2 $12 

—ag A A 
*A2 As 

A A 4 
A.2 A.2 A.2 A.2 

1 —B 

C-A 
ng 

d [X 

dx \d12 
—ca 

, Su d7 X X 

Sj^ ^12 ^12 
-vr 

1 -c nfb A (h±\—ajj A ^—fa A A 
A-B dx \XJ~ As As JJ As As 

Now these relations are of the same form as the relations between the As, which 

have been proved above. We have only to choose the arbitrary constants so as to 

make these equations exactly the same as the relations between the As, and then we 

have got a solution of the equations of motion. 

58. Compare first the terms involving products ; in this way we find the relations 

j= C1C13 

y= 

b 

9 

G°Gh h ^ 

a 
c3c7 - 

4r 
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Also 

C0C11 

C3C11 

C9C11 

b c 
g h ‘ 

a c 
f Ti = ~G'°C^ 

a b 

7 9 
C14C13 

y 

If we eliminate a, b, c, f g, h from the first three equations, by multiplication, 

the result takes the form 

C6C]0C5C9“t_ClC13C3C14— 

This equation among the constants does not hold in general; so we must suppose 

the parameters go, q, r, v, w of the theta-functions so connected as to make it satisfied. 

b c 
77 

them, we see that 

respectively, and comparing Again, multiplying the last three equations by 7 
f 

a C7C12_b c5eI2_ c cncu 

f 9 c2cn b c9cn 

Of these, the first equation is the same as the third of the first set. 

The second may be written 

-c6c9=—-Cap14 

Comparing this with the first of the other set we get 

C6C10C5C9H~C1C13C2CM~0 

which is the same as before, 

relation holds. 

They give us 

That is 

Similarly 

Hence the six equations are consistent if this one 

/ a\3_ 6'n2c5c14 b e 

\fj c2q2c9 g li 

_ C0ChCU C7C12 

C2C7~C9 C0CU 

/ ® \ ~_C0C12C5C14 

\f I C2C7C9C11 

C_C7C12C2CI4 

C0C9C5C11 

,"= Wit 
C0C2C11C14 

2 T MDCCCLXXXIV. 
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59. Again, comparing the other terms of the equations with the relations between 

the 6’a, we deduce six more relations 

eg _ CjC13 nA 

a c4c8 1 —B —C 

ah C0C14 AB 
b “ ^2^12 ^ h A 

¥ _ Cc,c,r, nC 

c ^9^121 -A. I> 

1 ll cocn A) 

/ cy9 C —B 

¥ C2C11 b) 

g coc9 A C 

fg c9cu rc(l-C) 

h b A 

From the last three equations 

<m2 , (l-BXl-C) 
J c* L (B —A)(A —C) 

,7* = cnS (1-C)(1-A) 
J c* (C—B)(B—A) 

¥ (A-C)(C-B)' 

These are all positive if A, C, B are in descending order of magnitude. 

b 

’ 9 
pletely in terms of A, B, C, and the c’s. If we substitute these values in the first 

three equations of the last set, we are left with three relations among the constants. 

Now the @’s implicitly involve the eight constants, p, q, r, v, w, n, a, and the other 

variable y, which is perfectly arbitrary. Among these quantities we have seen that 

there are four relations imposed by the form of the equations of motion. Hence 

there are four arbitrary constants left to express the initial conditions. But to do 

this completely, we should require six constants. Thus the solution is not complete. 

60. The relation 

C6C10C5C9d~ClC13C2C14= 0 

may be simplified by means of general relations between the c’s. 

By Mr. Forsyth’s product theorem, we can prove that 

^0^12^6'^ 10 ^3^15^5'^'9 ~b ^$8^2^14 ^7^11'^1'^13= 

^0^12^5^9 "b ^3^15'^6'^10-b ^-t^S'^1’^13 ^ 

@0^12^2^lid- ^3^15'^1'^'13 ^4^8'^'6'^iO ^7^11^o"^9 = ^ 

^0^12^1“^ 13 d- ^3^15'^2"^11' @4@S^5^9 ^7^11'^6’^10“ 0. 

’ ll 
and therefore we know a, b, c,f, g, h com- We have already found the ratios 

/ 
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The last two equations are given by Mr. Forsyth in equations (212), (219) of his 

Memoir. Differentiate these equations with regard to x and then put cc=0, y—0, 

£=0, p = 0 ; they give us 

Hence 

Hence 

C0C12 ■ C6C10“bC3C15 ' > C5C9 +C4C8 ■ 1 C2C14: 

C0C12 • C5C9 “hC3C15 ■ 1 C6C10~hC4C8 ■ , cxcl2t 

C0C12 • 1 C2C14“b C3C15 • 1 C1C13 C4C8 • C6C10: 

C0C12 • ClC13"bC3C15 • C2C14 C4C8 ' ■ c5c9 

C4C8(C2C14 C1C13) — (C0C12“f"C3C15)(C6C10 

C4iC8(C6C10 —C5C9 )— (C0C12 C3C15)(C2C14 

2^j 2 — 2, 
°4 °8 —Oto. o 0 v12 

2^ 
J2> u15 

or 
C ^ — r* 2^ 2 I ^ 2 n 2 
°0 °12 —°4 °8 T°3 °15 

But we have also 

C4C8 (C2C14“i“ Cl(i13) ~ (C0C12 C3C15)(C6C10H" C5C9) 

Multiplying this by the first of the other two equations we get 

If therefore 

we have also 

whence 

i.e., 

p 2 2 . /-» 2x* 2 — 2x» 2 ___ p 2p 2 
°2 °14 °1 °13 —°6 °10 °5 °9 • 

^ 2p 2p 2p 2 p %p 2p 2p 2 
°2 °14 °13 — °6 °10 °5 °9 

2 1 _ 2^ 2 — /-> 2 2 [ ^ 2^» 2 
°2 °14 T°1 °13 —°6 °10 °9 

Qp 2 — x» 2 p 2 
°6 c'10 —°2 c14 

x» 2y^ 2 — p 2p 2 
°5 °9 —°1 °13 

C6C10— iC2C14 

C5C9 = =FclCl3 

Addition. 

(Added March 4, 1884.) 

The relation between the constants may be put into another form. We have 

C0C3 (®I5® 12 ®12® 15} = ^ { ^8^11^4+ ^5^6 'V^lo) 

C0C15 { ®3 ® 12 ®12® 3 ) = ^ {f^il^d-s ^i^i4,d-2d-13} 

2 t 2 
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Hence, performing the same operations as before 

d [V 

C°Cs tfcc IV 

J $3 

C°Clodr du 

_ $7 $4, ^9 'ffio 
— C8C11 q Q +C5C6 £ ^ 

^12 ^12 ^12 ^12 

$7 $g $o $13 
= C4Cllq“~ Q ClC14(f“ IT- 

^"12 ''''12 ^12 2 

cl /$ 0 
Whence the coefficient of x in — 7^' 

C8C11C7C4 ~t C5C6C9Go 

C0C3C122 

d /$ \ 
and the coefficient of x in — (~ I 

dx \$i3/ 

_C4CnC7C8 GC14C2C13 

C0C15C12“ 

Hence 

Now 

C5C9C6C10"^ C1C14C2C13 

= c0c132X coefficient of x in {c3£(^)-ci5£(^ 

= 2c0c133X coefficient of x2 in 

i 0/tA2 d 
^15 = C15~ yK/ dp'Cl5~^~ ' * ' 

n/7r\3 d 
■^3 =c3 ?-x (^y dp'Cs ’ * ’ 

&n-ciz-2x{k) d/±*+ • • • 

in Mr. Forsyth’s notation ; therefore 

c3^]5 cir/b; — hx 
_i ^tz\*L d3 , d^r 

K/ [ lodp' 3 clp' 

and finally 

(77-\2 f dcz dcj5 

C6C10C5C9“bClC13C2C14 — C0CI2T^ J j Clo"^y C3 dp' 

Hence, if this vanishes, we have 

dCn (l f/1 - . /  ■. 
C^JV =c^’ smce P = ]oSP > 

that is, — is independent of p. 
0 = 
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XIV. Researches on Spectrum Photography in relation to New Methods of Quantitative 
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[Plates 15, 16.] 

Introduction. 

The first attempt to apply the spectroscope to the quantitative analysis of alloys seems 

to have been made by the late Dr. W. A. Miller, F.B.S., in the year 1862 (Phil. 

Trans., Yol. 152, p. 883, 1863, and Jour. Chem. Soc., vol. xvii., p. 82, 1864). By taking 

photographs of the spectra of alloys of gold and silver of different degrees of fineness 

he obviously sought to apply this method of working to the assaying of gold. He was 

at the time an assayer to the Boyal Mint. In 1870 M. Janssen proposed two methods 

of quantitative spectrum analysis. The first was based on measurements of the in¬ 

tensity of the most brilliant rays emitted by incandescent matter, while the second 

depended upon the time during which a substance emits visible rays during complete 

volatilisation in a flame (Comptes Bendus, lxxvi., pp. 711-713). 

MM. P. Champion and H. Pellet, and also M. Grenier, applied the former 

spectro-photometrical method with some degree of success to the estimation of alkalies 

(Comptes Bendus, lxxvi., pp. 707-711). In 1874 Messrs. Lockyer and Boberts 

attempted and accomplished with a considerable amount of accuracy the determination 

of the composition of certain tolerably homogeneous alloys of gold and silver, and of 

lead and cadmium, by means of the spark passed between metallic electrodes, and 

examined by the spectroscope. The spectrum of the alloy was compared with certain 

check pieces of known composition. Others who have attempted to make use of 

emission spectra for the purposes of quantitative analysis are Sir J. G. N. Alleyne, 

who in 1875 communicated a paper to the Iron and Steel Institute “ On the estima¬ 

tion of small quantities of Phosphorus in Iron and Steel by Spectrum Analysis” 

(Journal of the Iron and Steel Institute, 1875, pp. 62—72), and H. Ballman, who 

attempted the quantitative estimation of lithium with the spectroscope by observing 

the degree of dilution of a solution which seemed to cause the extinction of the red 

line. This is theoretically constant, but practically it varies slightly (Zeitschrift fur 
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Analytische Chemie, vol. xiv., pp, 297-301 ; also Journal Chem. Soc., 1876, p. 550, 

Abstract). Messrs. Liveing and Dewar have published notes on quantitative spec¬ 

troscopic experiments (Proc. Roy. Soc., vol. xxix., pp. 482-489). Observing the 

emission spectrum of sodium vapour, they sought to estimate the quantity of substance 

present in a given space by measuring the width of the sodium lines. 

It has been already shown that solutions containing the same element in different 

proportions emit different variations of the same spectrum, the lines differing in 

number, length, and intensity. I have also proved the converse of this—namely, that, 

under the same spark conditions similar solutions of the sarnie strength always emit the 

same spectrum. By similar solutions are meant solutions containing salts of the same 

metal, the non-metallic constituents of which cannot affect the length or strength of 

the metallic lines. Evidence of a quantitative nature in Part I. has established the 

fact that chlorides, nitrates, sulphates, and carbonates are salts of a similar character 

in this respect, and it has also been proved quantitatively in the case of chloride and 

sulphate of copper. It is, however, doubtful whether solutions of borates and silicates 

are strictly comparable with the solution of other salts, for the borates and silicates of 

the alkalies emit strong lines, due to boron and silicon, and it certainly appears, from 

the observations I have hitherto made, that the metallic spectra are modified by the 

strong lines of these non-metallic elements. 

On the strength and length of lines in the metallic spectra\ yielded by solutions of 

various strengths, and on the limit of sensitiveness of the spectrum reaction. 

The following investigation was made with the view of placing our knowledge of 

spectrum analysis on a proper basis, so as to admit of its being applied more systemati¬ 

cally than hitherto in the examination of minerals in quantitative analysis, and parti¬ 

cularly in the assay of certain metals, 

Experiments have been made chiefly on those elements with comparatively simple 

spectra; those, for instance, which yield a few prominent long lines and many short 

ones, for since it has been shown that short lines from metallic electrodes become long 

ones when strong solutions are used, and short again as the solutions are diluted, we 

may anticipate a greater variety of spectra and a greater range for the exercise of 

observation, or, in other words, a greater sensitiveness of the spectrum reactions, 

than with metallic points. As often as possible chlorides have been used in preference 

to other salts, because hydrochloric acid is the solvent employed most generally in 

analytical operations, and the chlorides are as a rule the most soluble compounds of 

the metals, and likely to yield the most highly concentrated solutions. In a few pre¬ 

liminary experiments trial or test-plates were made for use in quantitative analysis, 

each containing about fifteen photographs of the spectra of solutions of various 

strengths. It was frequently found desirable to largely increase the number of photo¬ 

graphs where gradual alterations in the lines accompanied gradual dilution. Subse- 
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quently it was deemed necessary to photograph solutions containing 1 per cent., OH 

per cent., and O'Ol per cent, of the metals, and map the spectra characteristic of each. 

Other photographs could then be taken as required for comparison with solutions 

of mineral substances or for estimating the minute constituents of metallurgical 

products. 

To prevent the instrument being splashed with liquid projected outwards by the 

spark, it is necessary to use a lens in front of the slit, the focal length of which for 

similar reasons should not be much less than three inches. 

In all cases the spark should be regulated in length by passing a piece of plate 

glass between the electrodes, and adjusting them so that they just touch it. When 

these conditions are fulfilled and the spark is working properly, a spindle-shaped 

bundle of rays may be seen when a piece of card is held in the opening of the colli¬ 

mator tube, about two inches behind the slit. The rays which fall upon the centre of 

the card should not show any wavering motion, for if this be the case the electrodes 

are not quite in the proper position. 

I propose first to describe in detail the changes observable in the spectrum of 

magnesium when a series of solutions of definite strengths are examined. In the 

case of other metals detailed descriptions will not be given, but a glance at the maps 

accompanying this paper which represent both the normal spectra with wave-lengths 

and the prismatic spectrum with scale numbers for each element, will render the 

changes in the spectra evident to the eye. 

The magnesium spectrum. 

The solution examined was prepared by dissolving a weighed quantity of the metal 

in hydrochloric acid. The changes rendered visible on dilution are the following :— 

(1.) Solution containing 1 per cent. Mg., or 1000 parts per 100,000 of solution. 

The first and third lines of the quadruple group, wave-lengths 2801*6 and 2794*1, 

are considerably stronger than the second and fourth. Of the quintuple group the 

lines with wave-lengths 2780*2 and 2776*9 are invisible. 

(2.) 0*1 per cent. Mg., or 100 parts per 100,000 of solution. 

The least refrangible line, 4480, is shortened by two-thirds. The triplet with wave¬ 

lengths 3837’9, 3832*1, and 3829*2 is altered, only one-half of each line is fairly 

strong, the other half is much weakened. 

The triplet with wave lengths 3096*2, 3091*9, 3089*9 is barely visible, and that 

through only one-half the length of the lines. 

The pair with wave-lengths 2.935*9, 2928*2 exhibit a great weakening through two- 

thirds of their length. The line 2851*3 is fairly strong, one-half being weakened. The 

second and fourth lines of the quadruple group are much weakened through two- 

thirds of their length ; wave-lengths of the second 2796*9, of the fourth 2789*6. 
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Of the quintuple group the first and fifth lines, wave-lengths 2781 *8 and 2775*5, 

are shortened by two-thirds, the third line, wave-length 2778'7, is shortened by 

one-lialf. The third is just barely visible as a continuous line when one knows where 

to look for the weakened portion. 

(3.) 0'03 per cent. Mg,, or 30 parts per 100,000 of solution. 

The least refrangible line, wave-length 4480, has disappeared. The first and third 

lines of the triplet, wave-lengths 3837*9 and 3831'2, are still visible but very weak. 

The second triplet has disappeared. 

The doublet, 2935*9-2928*2, is barely a continuous pair of lines, the centres being 

very much enfeebled. The line 2851'2 is not very much altered, being of equal 

strength throughout its length instead of having a thickened appearance at one pole. 

The quadruple group have not undergone any great change, but the nimbus or 

halo is extinguished as in the preceding case. Of the quintuple group there is a very 

faint indication only of the lines with wave-lengths 2781'8 and 2778*7, the others 

are extinct. 

(4.) 0*02 per cent. Mg., or 20 parts per 100,000 of solution. 

All the lines are weakened. 

The line 2781*8 is extinct. 

(5.) 0*01 per cent. Mg., or 10 parts per 100,000 of solution. 

The lines are still further weakened, and those with wave-lengths 3837*9 and 3832*1 

have become extinct. 

The doublet, wave-lengths 2935*9 and 2982*2, is shortened by two-thirds the 

length of the lines. 

The line 2851*2 is attenuated. 

Of the quadruple group the second and fourth, wave-lengths 2796*9, 2789*6, are so 

attenuated as to be barely continuous. Scarcely a trace of the quintuple group is 

visible. 

(6.) 0*001 per cent. Mg., or 1 part per 100,000 of solution. 

Of the doublet, the first line is shortened by two-thirds, wave-length 2935*9, the 

second is weakened and shortened by nearly three-fourths of its length, wave-length 

2928*2. 

The line 2851*2 is weakened throughout and more especially through one-half its 

length, it is now barely a continuous line. 

Of the quadruple group the first and third lines, wave-lengths 2801*6 and 2794*1, 

are attenuated through one-half their length to a great degree and are weakened 

throughout. The second and fourth lines, wave-lengths 2796*9 and 2789*6, are 

shortened by one-half their length. The difference between this spectrum and that of 

the solution ten times as strong is shown to be the result of strictly gradational 
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changes. Solutions of intermediate strengths yield lines of intermediate length and 

strength, proportional to the quantity of magnesium present. 

(7.) O'OOOl per cent. Mg., or 1 part per 1,000,000 of solution. 

The first and third lines of the quadruple group are much attenuated through one- 

half their length, the other portions being weakened. Copper electrodes were used 

for this and the following observations on magnesium because the graphite points 

contained that element in sufficient quantity to give the first and third lines, though 

not so strongly as this solution. 

(8.) O’OOOOl per cent. Mg., or 1 part per 10,000,000 of solution. 

The same change was noted, the first and third lines being nearly invisible through 

one-half. 

(9.) O'OOOOOl per cent. Mg., or 1 part in 100,000,000 of solution. 

The first and third lines were extinguished as regards one-half their length. 

(10.) 0‘000,0001 per cent. Mg., or 1 part in 1,000,000,000 parts of solution. 

The lines appeared as in the last solution, but they were fainter. 

(11.) 0’000,00001 per cent. Mg., or 1 partin 10,000,000,000 of solution. 

In this last instance the lines were almost invisible. 

This dilution may be regarded as the point of extinction of the most persistent 

rays of magnesium with the particular spark arrangement I have generally used, or in 

other words we may easily detect 1 part of magnesium in 10,000,000,000 of liquid. As 

the quantity of solution utilised by the spark is certainly less than 0'1 cub. centim. 

we may detect with absolute certainty less than tmoTVoA, ol» o tli of a milligram of 

magnesium. 

When the strength of the spark is increased by the use of a much larger coil, and 

the striking distance between the electrodes is left the same, the strength of the 

magnesium lines is so altered that with 1 part of the metal in 10,000,000,000 of the 

solution the two lines with wave-lengths 2801-6 and 2794’1 are rendered as strongly as 

in the photographs of those obtained with the previous spark arrangement from a 

solution containing 1 part in 1,000,000 of liquid. The sensitiveness was therefore 

increased ten thousandfold. We have thus sufficient evidence to show that the sen¬ 

sitiveness of the spectrum reaction in this case is practically without limit. It varies 

however with different metals. 

MDCCCLXXXIV. 2 u 
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Tabular Description of the Spectra characteristic of Solutions containing Magnesium. 

Scale numbers. 
Wave-lengths 

of the principal 
lines visible. 

Parts of magnesium per 100,000 of solution. 

1,000 100 30 20 10 3 o 1 

Hundredths of an inch. 

17-46 4480 * 45= 

59-30 '3837-9 45= 45= 

59-83 3832-1 * 45= 45= 45= 

60-07 3829-2 4£ 45= 

142-3 '3096-2 * 45= 

142-85 3091-9 * 45= 

143-18 3089-9 * 45= 

168-7 J 2935-9 * * 45= 45= 45= * * 

170-18 1 [2928-2 * 45= 45= 45= 45= * 45= 

184-63 2851-2 * 4s= 45= 45= 45= 45= * * 

194-55 f 2801-6 4S= 45= * 45= 45= * 45= * 

195-39 J 2796-9 * 
45= 45= 45= 45= * * 45= 

195-95 2794-1 4S= * 45= 45= 45= * * 45= 

196-92 2789-6 * 45= 45= * 45= 45= # * 

198-64 f278P8 4t= 45= * 

198-96 2780-2 
199-3 «< 2778-7 # 45= * 45= * 

199-61 2776-9 
199-97 P2775-5 4£= 45= 

The following tables, together with the maps of the lines, are considered to be 

sufficiently descriptive of the different spectra. The wave-lengths of the lines 

characteristic of each solution are given in separate columns. 

The Zinc Spectrum. 

Scale numbers. 

Wave lengths. 

1 per cent. 0U per cent. 0’01 per cent. 

Hundredths of an inch. 

108-49 3344-4 3344-4 3344-4 
113-75 3301-7 3301-7 3301-7 
116-30 3281-7 3281-7 3281-7 
145-69 3075-6 3075-6 
194-98 2800-1 2800-1 P 
252-31 2557-3 2557-3 
267-95 2501-5 2501-5 

The most persistent lines of zinc are probably those of high refrangibility which do 

not ordinarily appear when gelatine emulsion plates of the kind most generally used 

are employed. 

* Lines which are visible. A line may be shortened or weakened, but an asterisk opposite to its 

wave-length in this table denotes that although it may be changed it is still visible. Only the first, 

third, and fifth lines of the quintuple group have been mapped. 

i-V 
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The Cadmium Spectrum. 

Scale numbers. 

Wave-lengths. 

1 per cent. 0-1 per cent. 0-01 per cent. O’001 per cent-. 

Hundredths of an inch. 
79-37 / 3612-0 3612-0 3612-0 
79-68 1 3609-6 3609-6 3609-6 
94-30 / 3466-7 3466-7 3466-7 
94-50 ]_ 3465-2 3465-2 3465-2 

101-45 3402-8 3402-8 
119-0 3260-2 
205-87 2747-7 2747-7 
248-24 2572-3 2572-3 
326-8 f 2321-6 
329-85 J 2313-5 2313-5 2313-5 
339-25 ] 2288-8 2288-8 2288-8 
348-15 L2265-8 2265-8 2265-8 2265-8 
377-48 2196-4 
400-2 2146-8 

The Aluminium Spectrum. 

Scale numbers. 

* Wave-lengths. 

1 per cent. 0-l per cent. 0’01 per cent. 0 001 per cent. 

Hundredths of an inch. 
/ 49-85 / 3960-9 3960-9 3960-9 3960-9 P 
1 51-16 { 3943-4 3943-4 - 3943-4 3943-4 P 

The air lines contiguous to the above are very strong, hence it is a little doubtful 
whether they are present in the spectrum of a solution so dilute as 0"001 per cent. 

/ 70-02 f 3713-4 
1 71-05 1 3701-5 
f 79-17 / 3612-4 3612-4 3612-4 
\80-5 1 3601-1 3601-1 3601-1 

82-07 3584-4 
f 142-86 / 3091-8 3091-8 3091-8 3091-8 
1144-5 { 3081-2 3081-2 3081-2 3081-2 

148-5 3056-6 
191-76 2815-3 2815-3 2815-3 2815-3 
226-3 2659-3 2659-3 
228-26 2651-2 2651-2 
249-66 2566-9 2566-9 
308-55 2373-3 
309-0 2372-0 
309-6 2370-2 
309-94 2367-2 
310-62 2364-5 

The line with wave-length 3584‘4 is both much longer and stronger than either 

2 u 2 
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3612-6 or 3601’2, yet it is not so persistent. From appearing as a 

disappears rather suddenly. 
The line with wave-length 2815'3 is the strongest in this spectrum. 

The Indium Spectrum. 

Scale numbers. 

Wavedengths. 

1 per cent. O'l per cent. 0-01 per cent. 

Hundredths of an inch. 
15'88 4510-2 4510-2 

39-91 4101-3 4101-3 

119-31 3257-8 
119-68 3255-5 3255-5 3255-5 
151-35 3038-7 3038-7 3038-7 
168-00 2940-8 2940-8 
177-34 2889-7 2889-7* 
214-56 2709-3 2709-3 
251-76 2559-5 
332-2 2307 2307 

The Thallium Spectrum. 

Scale numbers. 

Wave-lengths. 

l-0 per cent. 01 percent. 0'01 per cent. 

Hundredths of an inch. 
64-55 3775-6 3775-6 3775*6 
88-7 3518-6 3518-6 

143-0 3091-0 3091-0 
172-21 2917-7 
201-87 2767-1 2767-1 2767-1 
259-86 2530-0 2530-0 
335-27 2299-3 2299-3 

,g line it 

* This is barely visible. 
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The Copper Spectrum. 

Scale numbers. 

Wave-lengths. 

1 per cent. 0'1 per cent. 0-01 per cent. 0-001 per cent. 

Hundredths of an inch. 
113-10 3306-8 3306-8 
115-10 3289-9 • 

f 117-25* / 3273-2 3273-2 3273-2 
1120-7 1 3246-9 3246-9 3246-9 3246-9 

164-53 2959-5 
190-13 2823-2 
201-36 2769-1 2769-1 
211-8 2721-2 
212-55 2718-4 2718-4 
213-7 2713-0 2713-0 
216-1 2702-7 
216-58 2700-5 
219-37 2688-8 2688-8 
224-7 2666-7 
236-45f 2617-8 
241-1 2599-7 
241-58 2598-3 
255-94 2544-6 2544-6 
260-25 2528-8 2528-8 
261-00 2526-2 
266-77 2506-2 2506-2 
270-91 2491-4 
271-65 2489-1 
272-72 2485-6 
276-45 2473-2 
298-31 2403-3 
299-4 2400-1 

/ 309-17 / 2371-6 2371-6 
{ 309-57 \ 2370T 2370-1 

336-8 2295-0 
343-67 2277-0 

f 355-27+ T2248-2 2248-2 
J 355-5 J 2247-7 2247-7 
} 357-1 ] 2244-0 2244-0 
[357-32 [2243-5 2243-5 

* This pair of lines differs from all others in the spectrum by not being shortened on dilution, but 

becoming attenuated till at last they disappear. They remain long lines till the last, 

f This is a “very fine and very long line. 

+ This group is distinctly seen to be composed of four lines in the photographs of the 3 per cent, 

solution, and some lines, to the number of four or five, more refrangible than these are visible 
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The Silver Spectrum. 

Scale numbers. 

Wave-length s. 

1 per cent. 0-l per cent. 0-01 per cent. 0-001 per cent. 

Hundredths of an inch. 
103-94 3382-3 3382-3 3382-3 
116-45 3280-1 3280-1 3280-1 
168-5 2937-5 
169-3 2933-5 2933-5 
170-17 2928-2 2928-2 
175-02 2901-6 
176-07 2895-6 
180-44 2872-7 2872-7 
191-82 2814-5 
195-03 2798-8 
201-81 2766-4 2766-4 
204-2 2755-5 
214-22 2711-3 2711-3 
226-27 2659-6 2659-6 
227-08 2656-2 
246-3 2579-9 
268-81 2506-0 2506-0 
274-52 2479-9 
275-41 2476-8 
276-41 2473-3 2473-3 
279-92 2462-2 
280-52 2459-8 
282-6 2453-0 
284-38 2447-4 2447-4 
287-46 2437-3 2437-3 2437-3 
290-0 2429-8 2429-8 
293-08 2419-9 2419-9 
295-35 2413-3 2413-3 2413-3 2413-3 
295-94 2411-3 2411-3 
297-94 2406-4 
298-85 2404-5 
301-10 2395-7 
302-74 2390-8 
304-07 2386'7 
305-25 2383-6 
307-94 2375-5 
311-70 2364-3 
312-34 2362-3 
313-47 2359-2 2359-2 
313-88 2358-0 2358-0 
323-35 2331-7 2331-7 2331-7 
325-73 2325-3 2325-3 2325-3 
327-37 2320-5 2320-5 2320-5 
328-59 2317-4 2317-4 2317-4 
342-55 2280-7 2280-7 
354-95 2249 9 2249-9 
354-90 2247-6 2247-6 2247-6 
362-86 2230-6 
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The Mercury Spectrum. 

Wave-lengths. 

Scale numbers. 

1 per cent. 01 per cent. C’Ol per cent. 

Hundredths of an inch. 

f 74-6 f 3662-9 
} 75-37 3654-4 

1 77'37 l 3632-9 3632-9 

/ 137-95 J 3124-5 
137-08 3130-4 3130-4 
163-37 2966-4 2966-4 
185-45 2846-8 
258-75 2533-8 2533-8 2533-8 
364-51 2225-7 

The Tin Spectrum. 

Wave-lengths. 

Scale numbers. 

- 
1 per cent. 01 per cent. 0 01 per cent. 

Hundredths of an inch. 
62-40 3800-3 3800-3 

' 107-51 '3351-8 3351-8 
110-25 J 3329-9 3329-9 

i 116-03 1 3282-9 3282-9 
118-83 3261-6 3261-6 
130-7 3174-3 3174-3 

f 152-18 j f 3033-0 3033-0 
156-29 

< 
3007-9 3007-9 

173-05 2912-0 
176-18 2895-0 
177-8 2886-9 

f 182-47 f 2862-0 2862-0 2862'0 

<! 184-99 i 2849-2 
187-01 2833-9 2833-9 
192-3 2812-5 2812-5 
198-28 2784-0 
199-34 2778-8 2778-8 
215-35 2705-8 2705-8 2705-8 

("224-95 ("2664-2 
225-98 2660-6 
226-56 2657-9 265 7'9 1 

] 229-67 2645-4 
j 230-23 2643-2 2643-2 

P233-17 12631-4 2631-4 

242-65 2593"6 
243-10 2591-7 
248-70 2570-5 2570-5 

255-45 2545-6 2545-6 
f 269-8 f 2495-0 
\273-4 12482-9 2482-9 

/ 289-95 f 2429-3 2429-3 2429-3 

) 292-37 1 2421-8 2421-8 
310-11 2368-3 
314-85 2355-0 2355-0 
321-94 2335-3 
328-34 2317-9 
355-83 2247-0 
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The Lead Spectrum. 

Scale numbers. 

Wave-lengths. 

1 per cent. 04 per cent. 0 01 per cent. 

Hundredths of an inch. 

42-93 4057-5 4057-5 
67-61 3738-9 3738-9 
72-69 3682-9 3682-9* 
76-8 3639-2 3639-2 
83-31 3572-6 3572-6 3572-6 

170-45 2872-2 2872-2f ■ 

188-37 2832-2 2832-2 
190-30 2822-1 
225-41 2662'5 2662-5 
237-48 2613-4 2613-4 
247-08 2576-4 
373-43 2204-3 

The Tellurium Spectrum. 

Scale numbers. 

Wavedengths. 

1 per cent. 04 per cent. 0'01 per cent. 

Hundredths of an inch. 

103-9 3382-4 3382-4 
116-43 3280-0 3280-0 
117-35 3273-4 3273-4 
120-77 3246-8 3246-8 3246-8 
176-24 2894-3 
181-25 2867-7 
183-4 2857-0 
344-1 2386-3 2386-3J 
304-92 2383-8 2383-8t 
355-18 2248-0 
355-36 2247-3§ 
357-18 2243-3 

The Arsenic Spectrum. 

Seale numbers. 

Wave-lengths. 

. l 

1 per cent. 04 per cent. 0-01 per cent. 

Hundredths of an inch. 

183-04 2859-7 
199-22 2779-5 2779-5 
316-6 2350-1 
339-14 2288-9 

This is an exceedingly poor spectrum. 

* Barely visible. f Very faint. 

t These lines appear very distinctly and are continnons in a 1 per cent, solution. 
^ The two last lines are faint, 2243 3 exceedingly so. 
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The Antimony Spectrum. 

Scale numbers. 

Wave-length?. 

1 per cent. 0*1 per cent. (V01 per cent. 

Hundredths of an inch. 
67-63 3739-0 
80-74 3597-8 
90-21 3504'6 

109-36 3336-4 
118-21 3266-6 
120-8 3246-6 
122-87 3231-6 
152-91 3029-0 
179-29 2877-1 2877-1 2877-1 
197-05 2789-6 2789-6 
241-65 2597-2 2597-2 2597-2* 
260-33 2527-6 2527-6 . 

830-87 2311-8 

The Bismuth Spectrum. 

Scale numbers. 

Wave-lengths. 

1 per cent. 0'1 per cent. 0-01 per cent. 

undredths of an inch. 
63T 3792-7 
71-63 3695-3 
80-99 3595-7 
89-69 3510-5 
98-4 3430-9 

102-25 3396-7 
146-85 3067-1 3067-1 3067-1 
153-75 3023-8 3023-8 
158-98 2992-2 2992-1 
159-67 2988-1 J 
16852 2937-5 
175-85 2897-2 2897-2 
183-91 2854-8 2854-8 
185-49 2846-1 2846-1 
294-66 2414-8 

* There is a little doubt whether this is actually the line observed, as the scale number was omitted 

at the time the notes were written, and the line had the wave-length 2579"1 assigned to it, which is 

obviously incorrect, as no line with such a wave-length appears on my maps. 

MDCCCLXXXIV. 2 X 
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It has been shown by M. Lecocq de Boisbaudrax that when the temperature of a 

source of light (flame or spark) is increased, the relative intensity of the more 

refrangible rays is much increased ; the absolute brilliancy of the less refrangible rays 

sometimes undergoes a diminution which may even amount to extinction (Comptes 

ftendus, vol. lvxxiii., p. 943). It must not be inferred that photographs of spark 

spectra produced precisely in the manner here described are liable to variations in the 

relative intensities of their lines or the order in which they disappear as the quantity 

of substance in the spark decreases. I have observed the invariable character of the 

cadmium, tin, lead, and magnesium lines in about five thousand photographs, including 

not fewer than two hundred examples of other metals, all being obtained for various 

purposes in the course of seven years’ work under such variable conditions as may be 

introduced by the electrodes being near together or far apart, or by the use of a large 

or small coil, but with a condenser of the same size always in circuit. The reason of 

this constancy is sufficiently obvious when we consider that unless the spark be 

almost at the highest temperature attainable the emissive power is insufficient to 

affect the sensitive plate in the usual period of time ; when there is a slight fall 

in temperature there is a shortening of all lines such as is caused by a diminished 

period of exposure. 

The method of using these tables. 

The scale numbers given in the first column of the tables are linear measurements 

of the positions of the lines in the different prismatic spectra, photographed copies of 

which have been published in the Journal of the Chemical Society, vol. xli., p. 84. 

They serve two purposes, first as a check upon the wave-lengths quoted, and secondly 

as a means of identifying the lines. Suppose, for instance, I wish to identify the line 

in the indium spectrum which is mapped as double, it will be seen that the least 

refrangible line stands at nearly 16, and the next at as nearly as possible 40 on the 

scale. Applying an ivory rule to the photograph {loc. cit.), the rule being divided 

into hundredths of an inch, so that the numbers 16 and 40 correspond with the two 

least refrangible lines, it will be found that a very strong line stands at 120, and 

it is this which appears as double on the map, though the fact cannot be seen by 

examination of the printed photographs. A reference to the table will show that at 

119*31 and 119*6S on the scale there are two lines with wavedengths 3257‘8 and 

3255'5, the former of which does not appear in solutions containing ygtli per cent, of 

the metal, while the latter continues visible even when only ywoth per cent, is present. 

The tables of scale numbers and wave-lengths are of little value, however, without the 

maps. As an illustration of the way in which the maps may be used, let us suppose 

that a sample of pyrites cinder is being examined for copper and silver. It will be seen 

at a glance that the most persistent group of characteristic lines in the spectrum of 

silver lies between wave-lengths 2300 and 2500, those lines situated in a position 
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corresponding to wave-length 2250 being liable to be confounded with the copper lines 

at the same point, and one of the less refrangible lines of silver being also liable to con¬ 

fusion with a group of copper lines with wave-lengths lying between 3245 and 3310. 

Referring to the table we get the exact wave-lengths of the lines and their position on 

the scale, so that they may be identified at once on a photographed prismatic spectrum. 

A similar reference to the silver and lead maps and tables will at once tell us the 

exact position of those lines which are to be sought for in a specimen of argentiferous 

lead. In very many cases the character of the lines is sufficient to identify them, 

provided we know something of their position. It may not be without interest if a 

description of the method of working which I have adopted be made to serve as the 

conclusion of this portion of the paper. 

An estimation of beryllium.—A preparation of ceric phosphate was examined in 

order to establish beyond all doubt that it was of great purity. A 10 per cent, 

solution of the substance in hydrochloric acid yielded photographs in which none but 

cerium lines were visible, with the exception of one single line with a wave-length 

3130‘2 belonging to beryllium. A solution of beryllium oxide containing nmoll1 of 

the metal was diluted to 100 times its original volume before its spectrum was com¬ 

parable with that of the ceric phosphate. It was then seen that the line with the 

wave-length 3130'2 was much stronger than in the photograph of the ceric phosphate. 

It was therefore considered proved that the preparation contained less than 0‘01 per 

cent, of beryllium. 

The analysis of an amygdaloid limestone.—The complete qualitative and quanti¬ 

tative analysis of a mineral as far as regards the bases present was carried out in the 

following manner. The substance, which we will call mineral (a), consisted of small 

almond-shaped masses apparently of the nature of zeolites interspersed with a highly 

crystalline and almost transparent material considered t© be the matrix. It effervesced 

with acids, dissolving completely and yielding no residue of silica, a result which was 

quite unexpected. After evaporation to dryness, twice repeated, there was even then 

no appreciable quantity of silica. A strong solution containing 20 per cent, of the 

solid was submitted to the spectroscope; the calcium lines came out prominently in 

the photograph, and in addition the quadruple and the quintuple groups of magnesium 

were noticeable, but no other metallic lines. Magnesium being in much the smaller 

proportion was estimated first. 

The estimation of magnesium.—One gram of the mineral was dissolved in hydro¬ 

chloric acid and made up to 100 centims. by volume. The solution yielded a spectrum 

with closest possible resemblance to that on the test-plate rendered by a solution 

containing ro.oooth °f the metal. Three separate solutions were made containing 

1, 2, and 3 parts of the mineral in 1000 volumes of the solution. These were photo¬ 

graphed on one plate. On comparison with the standard photographs it was found 

that they exactly corresponded to those obtained from solutions containing 1, 2, and 3 

2x2 
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parts of magnesium in 100,000 volumes of solution. The mineral, therefore, was 

considered to contain 1 per cent, of magnesium. The comparison of the photographs 

was made by three independent observers who each gave the same figures* from two 

different series of photographs. By simple inspection of the first photograph the 

calcium was seen to be present to the extent of something between 30 and 40 per 

cent, of the mineral. The more precise estimation of this mineral presented some 

difficulties, both on account of the mineral containing this element as its chief con¬ 

stituent, and by reason of the fact that dust floating in the air is apt to contaminate 

the electrodes with calcium, but not with magnesium. The hydrochloric acid used 

likewise always shows this substance to be present. 

The estimation of calcium.—A series of solutions of calcium chloride were made 

containing the following proportions of calcium : xwoth, I'o'Wth, 3W0 oth, -y^gth, 
_1_|L _1_t 11 -2-i-11 -3-| U -4-|U-5-U -3-U _4_4.1. pTirl 
5000" ) 10,000Lil> lO.OOO1,11! 10,000uu5 10,000111) 10,000LU) iOO,OOOUIJ 100,000lu> cliiU 10,000' 
_5_IP 
1 oo,oooul* 

The first photograph of the mineral, which was taken from a solution containing 

1 gram dissolved in hydrochloric acid and made up to 1 litre, exhibited a spectrum, 

the length and strength of the lines in which indicated between 1 and 2 parts of calcium 

in 4000 of liquid. The solution of the mineral containing 1 in 10,000 corresponded 

very closely with 3 in 100,000 of the calcium solution, or about 30 per cent. 

On account of the strength of the calcium lines and the occasional vitiation of the 

results by calcium in floating dust, it was deemed advisable to shorten the period of 

exposure from two minutes to half a minute. 

The next photograph showed that 4 in 100,000 of calcium solution was stronger 

than 1 in 10,000 of the mineral. There is therefore less than 40 and more than 30 per 

cent, calcium in the mineral. 

Photographs of the calcium solution were then taken containing 3*5 centims., 3'6 

centims., 3'7 centims., 3'8 centims., and 3‘9 centims. of the standard solution in 

100 centims., or 3’5 parts per 100,000 and so on. 

Photographs were then taken with a quarter and with half a minute’s exposure, which 

was found sufficient; even five seconds gave very fair indications of the calcium lines. 

The solution of the mineral containing 1-0,0 ooth was then treated in the same way; 

the results are as follows :— 

* To speak more particularly, tlie photographs were taken by Mr. Templeton, a student in the Royal 

College of Science, and his results were checked by Mr. W. E. Adeney, the Assistant Chemist, and by 

myself. A second series of photographs wras also taken by myself. 
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The mineral. The standard solution. 

_1_ 3-7 
10,0 0 0 10 0,000 

(1) Five seconds’ exposure. (1) Five seconds’ exposure. 

The stronger. 

(2) Fifteen seconds’ exposure. (2) Fifteen seconds’ exposure. 

The least refrangible pair of lines H and K in the one photograph are of equal 

strength to those in the other. The most refrangible pair of lines are a little stronger 

in the standard solution than in the mineral. 

(3) Thirty seconds’ exposure. (3) Thirty seconds’ exposure. 

The least refrangible pair of lines in the mineral solution appear not quite so strong 

as those of the standard solution. 

(4) Five seconds’ exposure. (4) Five seconds’ exposure. 

(5) Fifteen seconds’ exposure. (5) Fifteen seconds’ exposure. 

These two series of photographs were compared, but no difference could be observed 

between them, hence it was concluded that 37 per cent, of calcium was contained in 

the mineral. 

This was not considered to be the exact proportion, because the lines had not been 

reduced sufficiently by dilution to give a good indication of the differences between 

solutions of approximately the same composition. It would not have been possible 

to carry further dilution into practice because of the complications introduced by the 

dust in the air. It is needless to say that carbon electrodes were not employed for 

the later experiment but points of gold. If we calculate the composition of the 

mineral as thus ascertained we arrive at the following numbers : — 

Per cent. Per cent. 

Mg. . 1 = MgCOg. . .3-5 
Ca. . . 37 = CaC03. . . 92-5 

Total soluble carbonates 96*0 

Two analyses made in the ordinary manner by an independent analyst gave the figures 

which here follow. The separation of the magnesia was made with all possible care 

according to the directions of Fresenius/" a correction being introduced for the 

solubility of the ammonia-magnesian phosphate in the filtrate and wash-water. 

Per cent. Per cent. 

(1) Magnesium . IT7 = MgC03 . 4*08 

Calcium . . 36*45 = CaC03. . 91*11 

Total carbonates . 95*19 

* English Edition, by J. Lloyd Bullock and Arthur Vacher, 1865, pp. 632, 273, and 167. 
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The portion examined as stated above contained no iron or alumina, only 

insoluble residue in addition to the carbonates. The following analysis shows 

slightly different composition :— 

Per cent. Per cent. Total carbonates. 

(2) Magnesium. . 1*38 

Calcium . . 3 6'9 8 

= MgCOg. 

= CaCOo. 

4-83 ‘ 

. 92-45 
| 97-28 

Fco03 and AL03 — 2'24 

Insoluble residue — 0-82 

Total 100-34 

Estimations of copper.—Several estimations of copper were made with great success 

when the metal was present in not greater proportion than 5 or 6 per cent. Thus 

3‘8 per cent, and 4'2 per cent, were numbers identical with those obtained by the 

ordinary process of analysis of two specimens of pyrites. It is not, however, apparent 

that there is any advantage in estimating copper in this way, since although it may 

be sufficiently accurate and speedy, there are volumetric processes which are quite as 

satisfactory in this respect, and capable of execution with simpler apparatus. 

The spectroscope is only applicable in certain cases with advantage; when, for 

instance, it enables one to dispense with elaborate processes of separations and 

repeated weighings. I hope in a future communication to place on record the 

method of executing special assays in a perfectly satisfactory manner. 
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A space containing electric currents may be regarded as a field where energy is trans¬ 

formed at certain points into the electric and magnetic kinds by means of batteries, 

dynamos, thermoelectric actions, and so on, while in other parts of the field this energy 

is again transformed into heat, work done by electromagnetic forces, or any form of 

energy yielded by currents. Formerly a current was regarded as something travelling 

along a conductor, attention being chiefly directed to the conductor, and the energy 

which appeared at any part of the circuit, if considered at all, was supposed to be con¬ 

veyed thither through the conductor by the current. But the existence of induced 

currents and of electromagnetic actions at a distance from a primary circuit from 

which they draw their energy, has led us, under the guidance of Faraday and 

Maxwell, to look upon the medium surrounding the conductor as playing a very 

important part in the development of the phenomena. If we believe in the continuity 

of the motion of energy, that is, if we believe that when it disappears at one point 

and reappears at another it must have passed through the intervening space, we are 

forced to conclude that the surrounding medium contains at least a part of the energy, 

and that it is capable of transferring it from point to point. 

Upon this basis Maxwell has investigated what energy is contained in the 

medium, and he has given expressions which assign to each part of the field a quantity 

of energy depending on the electromotive and magnetic intensities and on the 

nature of the matter at that part in regard to its specific inductive capacity and 

magnetic permeability. These expressions account, as far as we know, for the whole 

energy. According to Maxwell’s theory, currents consist essentially in a certain 

distribution of energy in and around a conductor, accompanied by transformation and 

consequent movement of energy through the field. 

Starting with Maxwell’s theory, we are naturally led to consider the problem, 

How does the energy about an electric current pass from point to point—that is, by 

what paths and according to what law does it travel from the part of the circuit where 
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it is first recognisable as electric and magnetic to the parts where it is changed into 

heat or other forms \ 

The aim of this paper is to prove that there is a general law for the transfer of 

energy, according to which it moves at any point perpendicularly to the plane con¬ 

taining the lines of electric force and magnetic force, and that the amount crossing 

unit of area per second of this plane is equal to the product of the intensities of the 

two forces multiplied by the sine of the angle between them divided by 4tr, while the 

direction of flow of energy is that in which a right handed screw would move if turned 

round from the positive direction of the electromotive to the positive direction of the 

magnetic intensity. After the investigation of the general law several applications 

will be given to show how the energy moves in the neighbourhood of various current¬ 

bearing circuits. 

The following is a general account of the method by which the law is obtained. 

If we denote the electromotive intensity at a point (that is the force per unit of 
positive electrification which would act upon a small charged body placed at the point) 

by (5, and the specific inductive capacity of the medium at that point by I\, the 
magnetic intensity (that is, the force per unit pole which would act on a small north- 
seeking pole placed at the point) by and the magnetic permeability by fi, 
Maxwell’s expression for the electric and magnetic energies per unit volume of the 

field is 
Kd'3/^7r'h/x'§V^7r.(1) 

If any change is going on in the supply or distribution of energy the change in this 

quantity per second will be 

KQt^liTT + ^UTT.(2) 

According to Maxwell the true electric current is in general made up of two parts, 

one the conduction current and the other due to change of electric displacement in 

the dielectric, this Tatter being called the displacement current. Now, the displace¬ 

ment is proportional to the electromotive intensity, and is represented by K(S/47t, so 

that when change of displacement takes place, due to change in the electromotive 

intensity, the rate of change, that is, the displacement current, is Iv /4tt, and this is 
cl T/ 

equal to the difference between the true current and the conduction current J\. 

Multiplying this difference by the electromotive intensity (§ the first term in (2) 

becomes 

= .(3) 
47t at 

The first term of the right side of (3) may be transformed by substituting for the 

components of the total current their values in terms of the components of the 

magnetic intensity, while the second term, the product of the conduction current 
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and the electromotive intensity, by Ohm’s law, which states that becomes 

j?2/C, where C is the specific conductivity. But this is the energy appearing as heat 

in the circuit per unit volume according to Joule’s law. If we sum up the quantity 

in (3) thus transformed, for the whole space within a closed surface the integral of the 

first term can be integrated by parts, and we find that it consists of two terms— 

one an expression depending on the surface alone to which each part of the surface 

contributes a share depending on the values of the electromotive and magnetic inten¬ 

sities at that part, the other term being the change per second in the magnetic energy 

(that is, the second term of (2)) with a negative sign. The integral of the second 

term of (3) is the total amount of heat developed in the conductors within the surface 

per second. We have then the following result. 

The change per second in the electric energy within a surface is equal to a quantity 

depending on the surface—the change per second in the magnetic energy—the heat 

developed in the circuit. 

Or rearranging. 

The change per second in the sum of the electric and magnetic energies within a 

surface together with the heat developed by currents is equal to a quantity to which 

each element of the surface contributes a share depending on the values of the electric 

and magnetic intensities at the element. That is, the total change in the energy is 

accounted for by supposing that the energy passes in through the surface according to 

the law given by this expression. 

On interpreting the expression it is found that it implies that the energy flows as 

stated before, that is, perpendicularly to the plane containing the lines of electric and 

magnetic force, that the amount crossing unit area per second of this plane is equal to 

the product 

electromotive intensity x magnetic intensity x sine included angle 

47T 

while the direction of flow is given by the three quantities, electromotive intensity, 

magnetic intensity, flow of energy, being in right handed order. 

It follows at once that the energy flows perpendicularly to the lines of electric force, 

and so along the equipotential surfaces where these exist. It also flows perpendicu¬ 

larly to the lines of magnetic force, and so along the magnetic potential surfaces where 

these exist. If both sets of surfaces exist their lines of intersection are the lines of 

flow of energy. 

The following is the full mathematical proof of the law :— 

The energy of the field may be expressed in the form (Maxwell’s ‘ Electricity,’ 

vol. ii., 2nd ed., p. 253) 

l f {{(P / + Q'J + B hflxdydz+ |" jj"(aa+ bf3Jrcy)dxdydz 

the first term the electrostatic, the second the electromagnetic energy. 

MDCCCLXXX1V. 2 Y 
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„ K 
But since f’= P, with corresponding values for g and li, and a=ij.u, b = g/3, c = gy, 

substituting, the energy becomes 

^.flf(P!+Q2+R2)^&+£\\\^+^+f)^dydz . ... (\) 

Let us consider the space within any fixed closed surface. The energy within this 

surface will be found by taking the triple integrals throughout the space. 

If any changes are taking place the rate of increase of energy of the electric and 

magnetic kinds per second is 

K 

47T 
dxdydzAr p 

4:71" 
(2) 

Now Maxwell’s equations for the components of the true current are 

> df , dg 
U=P+di V='i+it 

, dh 
w=r-\~— 

~dt 

where p, q, r are components of the conduction current. 

K di 

dt ^ 
df . K dP 

But we may substitute for — its value -——, and so for the other two, and we 

obtain 

K_ tfP 
47r dt 

— U —p 

K d Q 

K dK 

• (3) 

47r dt 
—w—v 

Taking the first term in (2) and substituting from (3) we obtain 

K 

47T 
P hp +11 dxdydz- 11 j ; P(w -p) + Q(u —g) + R(iv- r)} dxdydz 

= [[[(Jdii+QvJrR,w)dxdydz—[[[(Pp-\-Qq-\-l&r)dxdydz .... (4) 

Now the equations for the components of electromotive force are (Maxwell, vol. ii., 

p. 222) 
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P=oy-fe-f-f=c,-fe+F 

ri ' dGr dy\r • ' , r\' 
Qi = az-cx— — — ih=az-cx + Q [ 

E—bx—ay — ^ bx — ay -f P' 

(5) 

where P', Q', P' are put for the parts of P, Q, P which do not contain the velocities. 

Then 

Vu+Qv+P^e = (cy—bz) u+(az—cx) v + (bx—ay) i e+P hi + Q' r +P ’w 

— -{(vc—wb)x-\-(wa—uc)y-\-(ub—va)z} d-Pht-pQ'y-J-Pht; 

= — (Xsc -\-Yy-\- Zz) + Phi+Qh> -{- Phe 

where X, Y, Z are the components of the electromagnetic force per unit of volume 

(Maxwell, vol. ii., p. 227). 

Now substituting in (4) and putting for u, v, w their values in terms of the magnetic 

force (Maxwell, vol. ii., p. 233) and transposing we obtain 

K 

47T 

dP dQ dR 
dt dt 

P ^ +Q rli +Pt M ) dxclydz-\- j j j {(Xx-d h y-f Zz) -j- (Pp-f Qq +1 N) vaz 

= (P'u-{-($y-\-~R'iv)dxdyclz 

1 

47tJ J 

4tt 

, [dy d/3 
dy dz 

, [da. d<y\ rj), [d/3 da 
f(^-£)+Q'(5-^)+e dx dy 

dxdydz 

+ 
_1_ 

47rj 
P' ^-P' ~^j dxdydz 

Pit] 
, da d/3 

+^IH(QY-p dz 
dxdydz 

Integrating each term by parts] 

(P'/3—Q'y)dydz-\-~ j (P'y—Phx)c?zdx+^ Jj(Q'a—V'/3)dxdy 
477 

1 

477 

dQ' dV dR' dQ' rfP'l, , 
i J d a--y & zy~,x iy+a ih-P s\dxdydz 

[The double integral being taken over the surface] 

= T||{i(E^_Q'y)+m(p'r-R'«)+»(Q'a-p'j8)}<iS 

1 

477 
a 

dQ' dR' 

dz 
iKV rfF\ , IdY iQ'Xl, , , 

where J, on, n are the direction cosines of the normal to the surface outwards. 

2 y 2 
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But from the values of P', Q', B/ in (5) we see that 

similarly 

d2G d2yfc d2H 

dz dy dtdz dxdz'dtdy 

_cU<m_clG\ 

clt\dy dz) 

d2yjr 

dzdx 

da 

dt 

cU 
dt 

=—=H — (Maxwell, vol. ii., p. 216) 

clR' dY_db _ d/3 

dx dz dt ^ dt 

dV'_dQ' clc dy 

dz dx dt ^ dt 

Whence the triple integral in (6) becomes 

dt clt 

Transposing it to the other side we obtain 

’»!+<»2+b“ 47T dt clt vdz+t J j j (“ it+l3 x) dxdydz dt dt 

-f III(X.x+Yy+Tizyixdydz + j [j(PpJrQq-\-'Rr)dxdydz 

=4^jj{W-QV)+w(pV-R/a)+^(Q/«-p//3)}dS • (7) 

The first two terms of this express the gain per second in electric and magnetic 

energies as in (2). The third term expresses the work done per second by the electro¬ 

magnetic forces, that is, the energy transformed by the motion of the matter in which 

currents exist. The fourth term expresses the energy transformed by the conductor 

into heat, chemical energy, and so on ; for P, Q, It are by definition the components 

of the force acting at a point per unit of positive electricity, so that P'pdxdijdz or 

Pdx/pdydz is the work done per second by the current flowing parallel to the axis of x 

through the element of volume dxdydz. So for the other two components. This is in 

general transformed into other forms of energy, heat due to resistance, thermal effects 

at thermoelectric surfaces, and so on. 

The left side of (7) thus expresses the total gain in energy per second within the 

closed surface, and the equation asserts that this energy comes through the bounding 

surface, each element contributing the amount expressed by the right side. 

This may be put in another form for if (S' be the resultant of P', Q', R', and 0 the 
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angle between its direction and that of <§, the magnetic intensity, the direction cosines 

L, M, N of the line perpendicular to the plane containing (§,' and are given by 

t _ h'/d — Q'y . i\,r _ PV—R'g _ _ Q'a — V'/3 
(S >£> sin 0 ’ _ (&'-§ sin 6 ’ x (£ «£) sin 6 

so that the surface integral becomes 

sin 0(LZ+Mm + Nn)tfS. 

If at a given point clS be drawn to coincide with the plane containing (S' and it 

then contributes the greatest amount of energy to the space ; or in other words the 

energy flows perpendicularly to the plane containing (Sf and <§, tire amount crossing 

unit area per second being (£'<§ sin 6/±tt. To determine in which way it crosses the 

plane take (S' along 0z, <§ along Oy. Then 

P' = 0 Q'=0 S=1 

a=0 = 1 y—0 

and if sin 0=1 

L= 1 M = 0 N = 0 

If now the axis Ox be the normal to the surface outwards, 1= 1, m = 0, n= 0, so that 

this element of the integral contributes a positive term to the energy within the sur¬ 

face on the negative side of the yz plane ; that is, the energy moves along xO, or in the 

direction in which a screw would move if its head were turned round from the positive 

direction of the electromotive to the positive direction of the magnetic intensity. If 

the surface be taken where the matter has no velocity, (S' becomes equal to (S, and the 

amount of energy crossing unit area perpendicular to the flow per second is 

electromotive intensity x magnetic intensity x sine included angle 

47T 

Since the surface may be drawn anywhere we please, then wherever there is both 

magnetic and electromotive intensity there is flow of energy. 

Since the energy flows perpendicularly to the plane containing the two intensities, 

it must flow along the electric and magnetic level surfaces, when these exist, so that 

the lines of flow are the intersections of the two surfaces. 

We shall now consider the applications of this law in several cases. 
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Applications of the Law of Transfer of Energy. 

(1.) A straight wire conveying a current. 

In this case very near the wire, and within it, the lines of magnetic force are circles 

round the axis of the wire. The lines of electric force are along the wire, if we take 

it as proved that the flow across equal areas of the cross section is the same at all 

parts of the section. If A B, fig. 1, represents the wire, and the current is from A to B, 

Fig. 1. 

then a tangent plane to the surface at any point contains the directions of both the 

electromotive and magnetic intensities (we shall write E.M.I. and M.I. for these 

respectively in what follows), and energy is therefore flowing in perpendicularly 

through the surface, that is, along the radius towards the axis. Let us take a portion 

of the wire bounded by two plane sections perpendicular to the axis. Across the 

ends no energy is flowing, for they contain no component of the E.M.I. The whole of 

the energy then enters in through the external surface of the wire, and by the general 

theorem the amount entering in must just account for the heat developed owing to 

the resistance, since if the current is steady there is no other alteration of energy. It 

is, perhaps, worth while to show independently in this case that the energy moving 

in, in accordance with the general law, will just account for the heat developed. 

Let r be the radius of the wire, i the current along it, a the magnetic intensity at 

the surface, P the electromotive intensity at any point within the wire, and Y the 

difference of potential between the two ends. Then the area of a length l of the wire 

is 2nrl, and the energy entering from the outside per second is 

area x E.M.I. x M.I._2irrl.V.a. 

47T 477 

2r7ri'oc.Yl 

477 

_ 4777 V 

477 

=iV 
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for the line integral of the magnetic intensity 27tv a. round the wire is 47t X current 

through it, and Pl=Y. 

But by Ohm’s law Y=tR and iY = rR, or the heat developed according to Joule’s 

law. 

It seems then that none of the energy of a current travels along the wire, but that 

it comes in from the nonconducting medium surrounding the wire, that as soon as it 

enters it begins to be transformed into heat, the amount crossing successive layers of 

the wire decreasing till by the time the centre is reached, where there is no magnetic 

force, and therefore no energy passing, it has all been transformed into heat. A con¬ 

duction current then may be said to consist of this inward How of energy with its 

accompanying magnetic and electromotive forces, and the transformation of the energy 

into heat within the conductor. 

We have now to inquire how the energy travels through the medium on its way to 

the wire. 

(2.) Discharge of a condenser through a wire. 

We shall first consider the case of the slow discharge of a simple condenser consist¬ 

ing of two charged parallel plates when connected by a wire of very great resistance, 

as in this case we can form an approximate idea of the actual path of the energy. 

Fig. 2. 

Let A and B, fig. 2, be the two plates of the condenser, A being positively and B 

negatively electrified. Then before discharge the sections of the equipotential surfaces 

will be somewhat as sketched. The chief part of the energy resides in the part of the 

dielectric between the two plates, but there will be some energy wherever there is 

electromotive intensity. Between A and B the E.M.I. will be from A to B, and every- 
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where it h perpendicular to the level surfaces. Now connect A. and B by a fine wire 

L M N of very great resistance, following a line of force and with the resistance so 

adjusted that it is the same for the same fall of potential throughout. We have 

supposed this arrangement of the resistance so that the level surfaces shall not be 

disturbed by the flow of the current. The wire is to be supposed so fine that the 

discharge takes place very slowly. 

While the discharge goes on a current flows round L M N in the direction indicated 

by the arrow, and there is also an equal displacement current from B to A due to the 

yielding of the displacement there. The current will be encircled by lines of magnetic 

force, which will in general form closed curves embracing the circuit. The direction 

of these round the wire will be from right to left in front, and round the space between 

A and B from left to right in front. The E.M.T. is always from the higher level 

surfaces—those nearer A, to the lower—those nearer B, both near the wire and in the 

space between A and B. 

Now, since the energy always moves perpendicularly to the lines of E.M.I. it must 

travel along the equipotential surfaces. Since it also moves perpendicularly to the 

lines of M.I. it moves, as we have seen in (1), inwards on all sides to the wire, and is 

there all converted into heat—if we suppose the discharge so slow that the current is 

steady during the time considered. But between A and B the E.M.I. is opposed to 

the current, being downwards, while the M.I. bears the same relation to the current 

as in the wire. Bemembering that E.M.I., M.I., and direction of flow of energy are 

connected by the right-handed screw relation, we see that the energy moves outwards 

from the space between A and B. As then the strain of the dielectric between A and 

B is gradually released by what we call a discharge current along the wire L hi N, 

the energy thus given up travels outwards through the dielectric following always the 

equipotential surfaces, and gradually converges once more on the circuit where the 

surfaces are cut by the wire. There the energy is transformed into heat. It is to be 

noticed that if the current may be considered steady the energy moves along at the 

same level throughout. 

(3.) A circuit containing a voltaic cell. 

When a circuit contains a voltaic cell we do not know with certainty what is the 

distribution of potential, but most probably it is somewhat as follows A—Suppose we 

* It seems probable that the only legitimate mode of measuring the difference of potential between 

two points in a circuit consisting of dissimilar conductors carrying a steady current, consists in finding 

the total quantity of energy given out in the part of the circuit between the two points while unit 

quantity of electricity passes either point. If this is the case, it seems impossible that the surface of 

contact of dissimilar metals can be the chief seat of the electromotive force, for we have only the very 

slight evolution or absorption of energy there due to the Peltier effect. I have therefore adopted the 

theory of the voltaic circuit in which the seat of at least the chief part of the electromotive force is at 

the contact of the acid and metals. The large differences of potential found by electrometer methods 
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have a simple copper, zinc, and acid cell producing a steady current. There is probably 

a considerable sudden rise in passing from the zinc to the acid, the place where the 

chemical energy is given up, a fall through the acid depending on the resistance, a 

sudden fall on passing from the acid to the copper, where some energy is absorbed with 

evolution of hydrogen, and then a gradual fall through the wire of the circuit round to 

the zinc again. There will he a slight change of potential in passing from copper to zinc, 

but this we shall neglect for simplicity. The equipotential surfaces will probably then 

be somewhat as sketched in fig. 3,'“ all the surfaces starting from where the acid comes 

in contact with the zinc, some of the highest potential passing through the acid, others 

passing between the acid and copper, and crowding in there, the rest lower than these 

cutting the circuit at right angles in points at intervals representing equal falls of 

potential. 
Fig. 3. 

If this be the actual arrangement, then it is seen that the current which travels round 

the circuit from zinc through acid to copper, is in opposition to the E.M.l. between the 

zinc and acid, while the M.I. is related to the current in the ordinary way. The energy 

will therefore pass outwards from there along the level surfaces. In fact, the medium 

between the zinc and acid behaves like the medium between the plates of the condenser 

in case No. (2), and it seems possible that the chemical action produces continually 

fresh “ electric displacement ” from acid towards zinc which yields as rapidly as it is 

formed, the energy of the displacement moving out sideways. 

between tbe air near two different metals in contact, are in this theory to be accounted for by the suppo¬ 

sition that the air acts in a similar manner to an oxidising electrolyte. A sliort statement of the theory 

is given in a letter by Professor Maxwell in the ‘ Electrician ’ for April 26th, 1879, quoted in a note on 

page 149 of his ‘Elementary Treatise on Electricity.’ See also § 249, vol. i., Maxwell’s ‘ Electricity and 

Magnetism.’—June 19, 1884. 

* In this and the succeeding cases the circuit is alone supposed to cause the distribution of potential. 

In actual cases the surfaces would probably be very much deflected from their normal positions in the 

dielectric through the presence of conductors, electrified matter, and so on, 

MDCCCLXXXIV. 2 Z 
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Some of this energy which travels along the highest level surfaces will converge on 

the acid, and there be, at any rate, ultimately converted into heat. Some of it will 

move along those surfaces which crowd in between the acid and copper and there 

converge to supply the energy taken up by the escaping hydrogen. The rest spreads 

out to converge at last at different parts of the circuit, and there to be transformed 

into heat according to Joule’s law. 

It may be noticed that if the level surfaces be drawn with equal differences of 

potential, equal amounts of energy travel out per second between successive pairs of 

surfaces. For the amount transformed in the circuit in a length having a given differ¬ 

ence of potential V between its ends will be V x current, and therefore the amount 

transformed between each pair of surfaces drawn with the same potential difference 

will be the same. But since the current and the field are steady, the energy trans¬ 

formed will be equal to the energy moving out from the cell between the same surfaces 

—the energy never crossing level surfaces. This admits of a very easy direct proof, 

but the above seems quite sufficient. 

This result has a consequence, which though already well known, is worth mention¬ 

ing here. Let Y± be the difference of potential between the zinc and acid, V0 that 

between the acid and copper. If i be the current, Yxi is the total energy travelling 

out per second from the zinc surface. Of this Yzi is absorbed at the copper surface, 

the rest, viz., {Y1 — Y2)i, being transformed in the circuit. The fraction, therefore, of 
Y _y 

the whole energy sent out which is transformed in the circuit is a result analo- 
^ i 

gous to the expression for the amount of heat which can be transformed into work in 

a reversible heat engine. 

One or two interesting illustrations of this movement of energy may be mentioned 

here in connexion with the voltaic circuit. 

Suppose that we are sending a current through a submarine cable by a battery with, 

say, the zinc to earth, and suppose that the sheath is everywhere at zero potential. 

Then the wire will everywhere be at higher potential than the sheath, and the level 

surfaces will pass from the battery through the insulating material to the points where 

they cut the wire. The energy then which maintains the current, and which works 

the needle at the further end, travels through the insulating material, the core serving 

as a means to allow the energy to get in motion. 

Again, when the only effect in a circuit is the generation of heat, we have energy 

moving in upon the wire, there undergoing some sort of transformation, and then 

moving out again as heat or light. If Maxwell’s theory of light be true, it moves 

out again still as electric and magnetic energy, but with a definite velocity and inter¬ 

mittent in type. We have in the electric light, for instance, the curious result that 

energy moves in upon the arc or filament from the surrounding medium, there to be 

converted into a form which is sent out again, and which, though still the same in kind, 

is now able to affect our senses. 
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(4.) Thermoelectric circuits. 

Let us first take the case of a circuit composed of two metals, neither of which has 

any Thomson effect. Let us suppose the current at the hot junction from the metal 

A to the metal B, fig. 4. According to Professor Tait’s theory it would appear that 

Fig. 4. 

the E.M.I. at the hot junction is to that at the cold as the absolute temperature at 

the hot is to that at the cold junction. If the current is steady there is probably then 

a sudden rise in potential from A to B at the hot junction, a gradual fall along B, a 

sudden fall at the cold junction—less, however, than the sudden rise at the other— 

and a gradual fall along A. The level surfaces will then all start from the hot 

junction, the higher ones cutting the circuit at successive points along B, several 

converging at the cold junction, and the rest cutting the circuit at successive points 

along A. The heat at the hot junction is converted into electric and magnetic energy, 

which here moves outwards, since the current is against the E.M.I. Some of this 

energy converges upon B and A, to be converted into heat, according to Joule’s law, 

and some on the cold junction, there producing the Peltier heating effect. 

Let us now suppose that we have a circuit of the same two metals, now all at the 

same temperature, but with a battery interposed in B, which sends a current in the 

same direction as before (fig. 5). Then if C be the junction which was hot, and D 

that which was cold in the last case, we-know that the current will tend to cool C and 

to heat D. In going from A to B at C there will be a sudden rise of potential, and 

in going from B to A at D there will be a sudden fall. Then, since the potential falls, 

as we go with the current along A, there will be a point on A near C which has the 

2 z 2 
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same potential as B at the junction. From this point to C, A will have lower 

potentials, and points with the same potentials will exist on B between C and the 

battery. Then either the level surfaces passing through C are closed surfaces, cutting 

A or B, and not passing through the battery at all, or, as seems much more probable, 

the surfaces from the battery which pass through C cut the circuit in three points in 

all outside the battery: once somewhere along A, once at C, and once somewhere 

along B. I have drawn and numbered the surfaces in the figure on this supposition. 

The heat developed in the parts of the circuit near C will thus be partly supplied 

Fig. 5. 

Fig. 6. 

from the junction C, where the current is against the E.M.I. The energy therefore 

moves out thence, giving a cooling effect. 

The Thomson effect may he considered in somewhat the same way. Let us suppose 
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that a metal B C of the iron type, and with temperature falling from B to C, forms 

part of a circuit between two neutral metals of the lead type A B and C D, fig. 6, and 

let us further, for simplicity, suppose that these metals are each at the neutral 

temperatures with respect to B C, so that there is no E.M.I. at the junction. If we 

drive a current from A to D by means of some external E.M.I., say at a junction else¬ 

where in the circuit, the potential will tend to fall from A to D. But a current in 

iron from hot to cold cools the metal, that is, the E.M.I. appears to be in opposition 

to the current, so that the energy moves outwards. The potential, therefore, tends to 

rise from B to C, and actually will do so if the resistance of B C is negligable com¬ 

pared with that of the rest of the circuit. In this case the level surfaces will probably 

be somewhat as indicated in the figure (6), where they are numbered in order, each 

surface which cuts B C also cutting A B and C D, and the energy moving outwards 

will come into the circuit again at the parts of A B and C D near the junctions, where 

it will be transformed once more into heat. If the resistance of B C be gradually 

increased the fall of potential, according to Ohm’s law, will tend to lessen the rise, and 

fewer surfaces will cut B C. It would seem possible so to adjust matters that the two 

exactly neutralised each other so that no energy either entered or left B C. In this 

case we should only have lines of magnetic force round B C, and no other characteristic 

of a current in that part of the circuit. 

If this is the true account of the Thomson effect it would appear that it should be 

described not as an absorption of heat or development of heat by the current but 

rather as a movement of energy outwards or inwards, according as the E.M.I. in the 

unequally heated metal opposes or agrees with the direction of the current. 

(5.) A circuit containing a motor. 

This case closely resembles the third case of a circuit containing a copper-zinc cell, 

the motor playing a part analogous to that of the surface of contact of the acid with 

the copper. Let us, for simplicity, suppose that the motor has no internal resistance. 

When it has no velocity all the level surfaces cut the circuit, and the energy leaving 

the dynamo or battery is all transformed into heat due to resistance. But if the 

motor is being worked the current diminishes, the level surfaces begin to converge on 

the motor and fewer cut the circuit. Some of the energy therefore passes into the 

motor, and is there transformed into work. As the velocity increases the number 

cutting the rest of the circuit decreases, for the current diminishes, and, therefore, by 

Ohm’s law, the fall of potential along the circuit is less; and ultimately when the 

* Perhaps this is only true of the wire as a whole. If we could study the effects in minute portions 

it is possible that we should find the seat of the E.M.I. due to difference of temperature not the same as 

that which neutralises it, which is according to Ohm’s law. One, for instance, might be between the 

molecules, the other in their interior, so that there might be an interchange of energy still going on, 

though no balance remained over to pass out of the wire. 
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velocity of the motor becomes very great the current becomes very small. In the 

limit no level surface cuts the circuit, all converging on the motor. That is, all the 

energy passes into the motor when it is transformed into work, and the efficiency of 

the arrangement is perfect, though the rate of doing work is infinitely slow. 

(6.) Induced currents. 

It is not so easy to form a mental picture of the movement of energy which takes 

place when the field is changing and induced currents are created. But we can see in 

a general way how these currents are accounted for. When there is a steady current 

in a field there is corresponding to it a definite distribution of energy. If there is a 

secondary circuit present, so long as the primary current is constant, there is no E.M.I. 

in the secondary circuit for it is all at the same potential. The energy neither moves 

into nor out of it, but streams round it somewhat as a current of liquid would stream 

round a solid obstacle. But if the primary current changes there is a redistribution 

of the energy in the field. While this takes place there will be a temporary E.M.I. 

set up in the conducting matter of the secondary circuit, energy will move through 

it, and some of the energy will there be transformed into heat or work, that is, a 

current will be induced in the secondary circuit. 

(7.) The electromagnetic theory of light. 

The velocity of plane waves of polarised light on the electromagnetic theory may be 

deduced from the consideration of the flow of energy. If the waves pass on unchanged 

in form with uniform velocity the energy in any part of the system due to the disturb¬ 

ance also passes on unchanged in amount with the same velocity. If this velocity be 

v, then the energy contained in unit volume of cubical form with one face in a wave 

front will all pass out through that face in l/E’1 of a second. Let us suppose that the 

direction of propagation is straightforward, while the displacements are up and down; 

then the magnetic intensity will be right and left. If (S be the E.M.I. and ■§ the M.I. 

within the volume, supposed so small that the intensities may be taken as uniform 

through the cube, then the energy within it is Iv(?3/8tt+ylf/8tt. The rate at which 

energy crosses the face in the wave front is G>\f>/47r per second, while it takes 1/Eh of a 

second for the energy in the cube to pass out. 

Then 

&§_K(S3 , /tffl 
4lttv 87t 87t (1) 

Now, if we take a face of the cube perpendicular to the direction of displacement, 

and therefore containing the M.I., the line integral of the M.I. round this face is equal 

to 47rX current through the face. If we denote distance in the direction of propaga- 
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tion from some fixed plane by z, the line integral of the M.I. is —while the current, 

being an alteration of displacement, is ~ 

Therefore 

_d^=KM.(2) 
dz dt ' ' 

But since the displacement is propagated on unchanged with velocity v, the displace ¬ 

ment now at a given point will alter in time dt to the displacement, now a distance dz 

behind, where dz—vdt. 

Therefore 

d(§ d% /ov 

1t=-vdi. (3> 
Substituting in (2) 

dQ tz dQt 
-£=Kvt* 

whence 

.(4) 

the function of the time being zero, since <§ and (S are zero together in the parts which 

the wave has not yet reached. 

If we take the line integral of the E.M.I. round a face perpendicular to the M.I. 

and equate this to the decrease of magnetic induction through the face, we obtain 

similarly 

®=liv§.(5) 

It may be noticed that the product of (4) and (5) at once gives the value of v, for 

dividing out ® we obtain 

l=/xK'y3 

or 

v=VM 

But using one of these equations alone, say (4), and substituting in (l) K for and 

dividing by (§3, we have 

K _ K aKV 
47r 87t 87r 

or 

1 =(jlKv‘2 

whence 
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This at once gives us the magnetic equal to the electric energy, for 

/4>2 _ fiKH-d? _ KW 
87r 87r 87t 

It may be noted that the velocity ^ is the greatest velocity with which the two 

energies can be propagated together, and that they must be equal when travelling 

with this velocity. For if v be the velocity of propagation and 6 the angle between 

the two intensities, we have 

47rr 87t 87t 

or 

2 sin 6 

•§ + e 

% 

The greatest value of the numerator is 2 when 6 is a right angle, and the least 

value of the denominator is 2\ /xK, when the two terms are equal to each other and 

to \/ g K. 

The maximum value of v therefore is and occurs when #= — and K6'=/x^'l 

The preceding examples will suffice to show that it is easy to arrange some of the 

known experimental facts in accordance with the general law of the flow of energy. I 

am not sure that there has hitherto been any distinct theory of the way in which the 

energy developed in various parts of the circuit has found its way thither, but there 

is, I believe, a prevailing and somewhat vague opinion that in some way it has been 

carried along the conductor by the current. Probably Maxwell’s use of the term 

“ displacement” to describe one of the factors of the electric energy of the medium has 

tended to support this notion. It is very difficult to keep clearly in mind that this 

“ displacement” is, as far as we are yet warranted in describing it, merely a something 

with direction which has some of the properties of an actual displacement in incom¬ 

pressible fluids or solids. When we learn that the “ displacement” in a conductor 

having a current in it increases continually with the time, it is almost impossible to 

avoid picturing something moving along the conductor, and it then seems only natural 

to endow7 this something with energy-carrying power. Of course it may turn out that 

there is an actual displacement along the lines of electromotive intensity. But it is 

quite as likely that the electric “ displacement” is only a function of the true displace¬ 

ment, and it is conceivable that many theories may be formed in which this is the 

case, while they may all account for the observed facts. Mr. Glazebrook has already 

worked out one such theory in which the component of the electric displacement at 
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any point in the direction of x is —v3£ where £ is the component of the true displace¬ 

ment (Phil, Mag., June, 1881). It seems to me then that our use of the term is 

somewhat unfortunate, as suggesting to our minds so much that is unverified or false, 

while it is so difficult to bear in mind how little it really means. 

I have therefore given several cases in considerable detail of the application of the 

mode of transfer of energy in current-bearing circuits according to the law given 

above, as I think it is necessary that we should realise thoroughly that if we accept 

Maxwell’s theory of energy residing in the medium, we must no longer consider 

a current as something conveying energy along the conductor. A current in a 

conductor is rather to be regarded as consisting essentially of a convergence of 

electric and magnetic energy from the medium upon the conductor and its transforma¬ 

tion there into other forms. The current through a seat of so-called electromotive 

force consists essentially of a divergence of energy from the conductor into the 

medium. The magnetic lines of force are related to the circuit in the same way 

throughout, while the lines of electric force are in opposite directions in the two parts 

of the circuit,—with the so-called current in the conductor, against it in the seat of 

electromotive force. It follows that the total E.M.I. round the circuit with a steady 

current is zero, or the work done in carrying a unit of positive electricity round the 

circuit with the current is zero. For work is required to move it against the E.M.I. 

in the seat of energy, this work sending energy out into the medium, while an equal 

amount of energy comes in in the rest of the circuit where it is moving with the E.M.I. 

This mode of regarding the relations of the various parts of the circuit is, I am aware, 

very different from that usually given, but it seems to me to give us a better account 

of the known facts. 

It may seem at first sight that we ought to have new experimental indications of 

this sort of movement of energy, if it really takes place. We should look for proofs at 

points where the energy is transformed into other modifications, that is, in conductors. 

Now in a conductor, when the field is in a steady state, there is no electromotive 

intensity, and therefore no motion and no transformation of energy. The energy 

merely streams round the outside of the conductor, if in motion at all in its neighbour¬ 

hood. If the field is changing energy can pass into the conductor, as there may be 

temporary E.M.I. set up within it, and there will be transformation. But we already 

know the nature of this transformation, for it constitutes the induced current. Indeed, 

the fundamental equation describing the motion of energy is only a deduction from 

Maxwell’s equations, which are formed so as to express the experimental facts as far 

as yet known. Among these are the law^s of induction in secondary circuits, and they 

must therefore agree with the law of transfer. We can hardly hope, then, for any 

further proof of the law beyond its agreement with the experiments already known 

until some method is discovered of testing what goes on in the dielectric independently 

of the secondary circuit. 

3 A MDCCCLXXX1V. 
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Introduction. 

Clebsch has shown that the components of the velocity of a fluid u, v, w, parallel to 

rectangular axes x, y, z, may always be expressed thus 

u— dX_LX 

dx dx’ 
v=df+\ 

dy 

dp 

dy’ 

dp 

~dz ’ 

where \, \p are systems of surfaces whose intersections determine the vortex lines; and 

the pressure satisfies an equation which is* equivalent to the following 

H _L y_ _chd_ l 

p dt 2 
dx y 
dx) 

+ dy 
+ dx 

dz 
+JX3 

Idpf /dp 

\dx + dy 
+ 

dp 
dz 

where p is the pressure, p the density, and V the potential of the forces acting on the 

liquid. 

It is shown in this paper that an equation of a complicated nature in X only can be 

obtained in the following cases (that is to say, as in cases of irrotational motion, the 

determination of the motion depends on the solution of a single equation only):— 

(1.) Plane motion, referred to rectangular coordinates x, y. 

The equation is somewhat simpler when the vortex surfaces are of invariable form, 

and move parallel to one of the axes of coordinates with arbitrary velocity. 

(2.) Plane motion, referred to polar coordinates r, 9. 

The equation is somewhat simpler when the vortex surfaces are of invariable form, 

and rotate about the origin with arbitrary angular velocity. 

(3.) Motion symmetrical with regard to the axis of z in planes passing through it, 

referred to cylindric coordinates r, z. 

The equation is somewhat simpler, when the vortex surfaces are of invariable form, 

and move parallel to the axis of z with arbitrary velocity. 

* British Association Report for 1881, p. 62. 

3 A 2 
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Suppose that in any of these cases any particular integral of the equation in X is 

taken. 

It is shown that the components of the velocity can be expressed in terms of X and 

differential coefficients of X, and that the current function is also known. 

Tn the case of a fluid, part of which is moving rotationally and part irrotationally, 

the boundary surface separating the rotationally moving fluid from that which is 

moving irrotationally contains the same vortex lines, and may be taken at the surface 

X=0. 

Now, if the integral taken of the equation in X do actually correspond to a case of 

fluid motion in which part of the fluid is moving rotationally and part irrotationally, 

the most obvious way to find the irrotational motion will be to find its current function 

from the conditions supplied by the fact that the components of the velocity are con¬ 

tinuous at the surface X=0. Examples I. and III. of this paper have been solved in 

this manner. 

If after taking any integral of the equation in X it be found theoretically impossible 

to determine the current function of an irrotational motion outside the surface X=0, 

which shall be continuous with the rotational motion inside it, then the integral in 

question does not correspond to such a case of fluid motion. 

In this method no assumption is made as to the distribution of the vortex lines (as 

in the method of Helmholtz) before commencing the determination of the irrotational 

motion. 

If, however, the rotational motion be known, the components of the velocity are 

known for this part of the fluid. Let the components of the velocity be expressed in 

Clebsch’s forms, so that y, X, xjj are known. 

Moreover, let the forms be so arranged that the surface separating the rotationally 

moving fluid from that which is moving irrotationally is the surface X=0. 

Then at this surface the components of the velocity are —• 
1 J dx dy dz 

Now, obtain in any manner a velocity potential (j> for space outside X=0 continuous 

with y all over the surface X = 0. This is theoretically possible always. 

If the velocity potential so obtained make the velocity and pressure continuous all 

over the surface X=0, then a possible case of motion will have been obtained. 

The conditions to be satisfied in order that the velocity may be continuous at the 

surface X=0 are that there X — In order that the pressure may 
dx dx dy dy dz' dz 

be also continuous, it is further necessary that all over the surface X=0. 

The most obvious way of obtaining the velocity potential will be to apply Helm¬ 

holtz’s method of finding the components of the velocity in terms of the supposed 

distribution of magnetic matter throughout the space occupied by the rotationally 

moving fluid. 

It must, however, be remembered, as is remarked by Mr. Hicks in his report to the 
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British Association on “ Recent Progress in Hydrodynamics,” Part 1,* “ That the 

results refer to the cyclic motion of the fluid as determined by the supposed distribution 

of magnetic matter, and do not give the most general motion possible.” It appears 

also from Examples I. and III. of this paper that it is not possible to assume arbitrarily 

the distribution of vortex lines, even when it can be shown that the equations of 

motion are satisfied at all points where the fluid is moving rotationally, and then to 

proceed to calculate the irrotational motion by means of the supposed distribution of 

magnetic matter. For in these examples, values of the components of the velocity of 

a rotational motion, satisfying the equations of motion throughout a finite portion of 

the plane of x, y, are found. Thus the distribution of vortex lines, and, therefore, that 

of the supposed magnetic matter over a finite portion of the plane of x, y is known. 

The surfaces that always contain the same vortex filaments are found. Inside one of 

these the supposed magnetic matter is distributed, the current function at external 

points is calculated by Helmholtz’s method, and it is shown that the velocity thence 

deduced is not continuous with the velocity of the rotational motion at the surface, 

which separates the rotationally moving liquid from that moving irrotationally. 

Another way (suggested by Clebsch’s forms) of obtaining the velocity potential will 

be as follows :— 

• 1 / (Py dry 
Calculate the quantity p= ^ 

Treating p as the density of a material distribution inside \.= 0, taking no account 

of the value of p outside the surface \= 0, obtain the potential of this distribution. 

Let the potential inside \ = 0 be y', and outside let it be <£. 

X will, in general, differ from y; first, because y may contain many-valued terms, 

which may be denoted by P, satisfying Laplace’s equation; and, secondly, because 

y—P may be the potential of a distribution of matter, part of which is outside \=0. 

Accordingly, it is necessary to examine whether it is possible to find many-valued 

terms P satisfying Laplace’s equation such that y'-fP = y. 

Then <£+P will be the velocity potential of the irrotational motion, provided that it 

give zero velocity at infinity. 

Example II. of this paper is solved in this manner. It might also have been solved 

by Helmholtz’s method. 

The few illustrations which follow are a first attempt to apply the theory to 

particular cases. 

Example I. treats of the motion of an elliptic vortex cylinder of invariable form 

parallel to one of its axes with arbitrary velocity. The irrotational motion outside 

the cylinder cannot be supposed to extend to an infinite distance. 

Example II. treats of Ktrchhoff’s elliptic vortex cylinder, in which the angular 

velocity of the rotation of the cylinder is a function of the vortex strength, and the 

axes of the elliptic section of the cylinder. 

d?x 

* Report for 1881, Part I., p. 64. 
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Example III. treats of the revolution of an elliptic vortex cylinder round its axis, 

where the angular velocity is not restricted as in the last case. The irrotational 

motion outside may be supposed to be limited by a smooth rigid confocal elliptic 

cylindric surface, rotating with the same angular velocity. The last example is the 

particular case of this, obtained by supposing the elliptic section of the external 

confocal cylinder to become infinite. 

Example IV. treats of the motion of the fluid in a fixed circular cylindric surface, 

where the vortex strength is any function of the distance from the axis, the irrotational 

motion continuous therewith being supposed to extend to an infinite distance. 

Example V. treats of a possible case of rotational motion inside a certain hollow 

smooth rigid surface of annular form, which moves parallel to its straight axis with 

arbitrary velocity. 

1. Clebsch’s * forms for the components of the velocity of a liquid u, v, iv parallel to 

fixed rectangular axes x, y, z in space are :— 

dx ax ay ay 
w=^+\di 

dz dz 

where the surfaces \= const., \[>= const, determine by their intersections the vortex 

lines, and always contain the same particles of liquid. 

If F(X, x\i) be an arbitrary function of X, xjj 

=W,yW 
dx dx 

tF(A,, -xfr) ( ^ ^ d,y\r 

b\]r +x|&'t 

&F(A,, xjr) d\ 

clo: bX 

and similar expressions for v, w. 

Thus these expressions for the components of the velocity are still in Clebsch’s 

form. 

X', ijj' are each functions of X, xfj. 

X satisfies the same equation as y. 

# Taking as independent variables three families of surfaces, always containing the same particles, and 

the time, the writer obtained independently Clebsch’s forms in an article published in the Quarterly 

Journal of Pure a?id Applied Mathematics, February, 1880, vol. xvii., entitled “ On Some Properties of 

the Equations of Hydrodynamics.” 

A demonstration of the same forms for any fluid in which the density is any function of the pressure 

is contained as a particular case in a paper entitled “ On Some General Equations which include the 

Equations of Hydrodynamics,” which is published in the Transactions of the Cambridge Philosophical 

Society, vol. xiv., part i., the writer having previously seen Clebsch’s paper, “ Ueber Die Integration der 

hydrodynamischen Gleichungen,” ‘ Crelle,’ Bd. lvi., p. 1. 
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Moreover, since F(X, xfj) is an arbitrary function of A, t//; it can be so chosen that X' 

may be any required function of X, \Jj ; i.e., any vortex sheet. 

Therefore the X in ClebsciTs expressions for u, v, iv may be considered as the 

surface of any vortex sheet; and, consequently, as the surface separating the 

rotationally moving fluid from that which is moving irrotationally. 

Therefore, if <ft be the velocity potential of the irrotationally moving fluid, all over 

the surface X = 0, supposing the motion continuous there ; 

<7y d(f) d<p c?y dcf) 

das das’ dy dy ’ dz dz’ 

Since also 

P +V= cix\2, di-m)+$) >+** 
( Id’^r\^ ( (dy\r 

dx ) “Hdy) ) 

in the rotationally moving fluid, and 

in the irrotationally moving fluid, it follows that the condition for the continuity of 

the pressure at the surface separating the rotationally moving fluid from that moving 

irrotationally is that <^=<~ all over the surface X=0. 

Now suppose that there exists a solution of the three equations to which y, X, i[/ are 

subject as given by Clebsch ; then to find <f>, it is necessary to find it so as to satisfy 

the above surface conditions. 

In any case in which y is the potential of a distribution of matter inside the surface 

X=0, together with many valued terms satisfying Laplace’s equation, then <fj is the 

potential of this distribution calculated for a point outside X=0, together with the 

same many valued terms, provided that it give zero values for the components of the 

velocity at infinity. 

With regard to the supposed distribution of matter, its total mass must be zero, in 

the case of an incompressible fluid. 

For total mass of supposed distribution of matter = — g jjq~dS, the integration 

being extended over the surface X= 0 

But this = —(total flux outwards across the surface) = 0. 

Therefore total mass of supposed distribution of matter ^=0. 

2. Plane Motion. Rectangular Coordinates. 

In the ordinary notation the equations are 
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du 

dt 

dv 

dt 

du , du d f [dp TT 

+“*+^=-4 )7+a 

+-£+*S--f»(ff+T 

',p+^W+^(p")=0 

From which can be deduced 

d d d 

dt+U dx^V dy/ 

dv du 

dx dy = 0 

Now regarding this as a particular case of motion in three dimensions in which 

iv=0, the motion being parallel to the plane 2=0, it is possible to put by means of 

Clebsch’s forms 

Therefore 

•=£+AHt+‘? 
d , d 
dt+Udx+Vdy, 

. | dX dp dX dp 

dx dy dy dx r — 0 

This result has been deduced from the three equations of motion, and Clebsch’s 

forms for the components of the velocity. 

But it can be deduced from the equation of continuity alone and the following 

equations known to be satisfied by X, p. 

Therefore 

dX , dX , dX 
— -\-u -7- -\-v —- =0 

dt dx dy 

dp . dp c^2t__n 
7, -\~u , -\-v —0 

dt dx dy 

dX dX dX dX 

dt dy dx dt 

dp dip- dp dp 

dt dy n dx dt 

dX dX 
and v— 

dX dX 

dx dy dx dy 

dp dp dp dp 

dx dy dx dy 
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Therefore 

dudv 

dx' dy 

d°X dX dX d2X dX dX 

dxdt dy 
1 

dt dxdy dt dy 

d2\]r dy\r 
n 

d-yfr d~yjr dijr d\]r 

dxdt dy dt dxdy dt dy d 

aIX dX dX dX 2 dx 

dx dy dx dy 

d.yjr dijr d-yjr d\fr 

dx dy dx dy 

d~X dX dX d*X dX dX 

dxdy dt 
i 

dx dydt dx dt 

d“->\r d\Jr 
i 

dyjr d2\Jr d\[r d\jr 

dxdy dt dx dydt dx dt d 

dX dX dX dX 2 dy 

dx dy dx dy 

d-^r dyjr d-yjr dyfr 

dx dy dx dy 

dX 

dx 

d-yjr 

dx 

dX 

dx 

difr 

dx 

But from the equation of continuity 

Therefore 

du dv 1 (d d d 

&+A, = ~p \dt+u dx+v dy) P 

1 (d , d , d 
'p\j<+u lZJrv \dt~r u,dx'TUdy) p 

dX dX 

dx dy 

dyjr d\jr 

dx dy 

dn-X dX dX d-X 

dxdt dy 
+ 

dx dydt 

d?yjr d\]r d\Jr d~y\r 

dxdt dy dx dydt 

dX dX 

dt dy 

d-yjr dy\r 

dt dy 

dX dX 

dx dy 

d\fr dijr 

dx dy 

d 

2 dx 

dX 

dx 

d\jr 

dx 

dX dX 

dx dt 

d-yfr d\jr 

dx dt d 

dX dx 2 dy 

dx dy 

d\\r d~^r 

dx dy 

3 B 

dX dX 

dx dy 

d\Jr dyjr 

dx dy 

clX 

dy 

dijr 

dy 

dX 

dy 

d-^r 

dy 

dX 

dy 

d-yjr 

dy 

MDCCCLXXXIV. 
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Therefore 

l(dd d _ 
~p\dt + Udx+V^P- dy 

Therefore 

d , 
—+u 
dt ' 

1 

clX 

dx 

d\Jr 

dx 

cTX 

dy 

dxp 

dy 

d d d 

dt+UTx+Vdy 

dX d\p 

d d\dx dy 

dx ° dy) 

dX dxp 

dy dx 
= 0 as before. 

dx dx 

dx dy 

dtp d^jr 

dx dy 

But since also 

and 

Therefore 

(d d d\ 

(d , d , d\ , 

'gt+Udx+Vdy)^° 

dX d\p dX dxp 

dx dy dy dx c ,• r \ , r/\ i\ 
——d-some function oi A, xp= / (X, xp) 

3. In what immediately follows p will be supposed constant. Using suffixes to 

denote differential coefficients 

U'/y J (X, 'A) 

Now let g(\, xp) be a function of X, xp such that 

6y(X, xfr)_ 1 

H /(X, xp) 

Therefore 

therefore 

therefore 

’bgpXrp') 
\ bxp rV iKlJ \ bxp 

^)=1 

X.jP'y \ygx— 1 

Treating this as a partial differential equation for g, the auxiliary system ol 

equations is 
dx dy da 
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Whence each of these 
\xdx -f- \jdy 

0 

Since, in the differential equation, there are no differential coefficients with regard 

to t, X=const. is one integral of the auxiliary system. 

By means of the equation X — const., y can be expressed as a function of the constant, 

x, and t. As the constant will have to be replaced by X afterwards, it may be said 

that y can be expressed as a function of \,x,t; and when this value of y is substituted 

in —Xy, let the result be denoted by (—Xy)*. Let differentials of the variables X, x, t 

regarded as independent be denoted by b\, bx, bt respectively. 

Then g— — an arbitrary function of X, t. 
■ (Nb 

It will be convenient to write the arbitrary function in the form 

Therefore 

b:FQ, t) 

bX 

9 = -.f 
bx , XF(\, t) 

bX 

Therefore g will appear in the form G(X, x, t) -}- * 

The equations of the vortex sheets are functions of r//, X and therefore of g, X. 

Now 

and 

therefore 

that is 

therefore 

But 

therefore 

X/+ >iXJ--[-vX!/— 0 

gt+ug,+vgy=Q 

bG , bG x , X2F(\, t) , t2F(X, t) 
\ 

bG . bG 

« +nx,+ btbX bX2 

+ M,V + a x->+^v M+w x'+“^ m=° 

bG b2F(A, t) bG (bG b2F(A, t)\ / \ i \ \ a 
bX bitir+«*+U+)^+^+A)=0 

bt btbX 1 bx 

bG_ 

bx 

u=X 
bG b2F(A, t) 

A btbtbX 

3 b 2 
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substituting this value of u in the equation 

\f -j- ViXx “t~ I'X^ == 0 

it may be shown that 
X, x fbG , t3F(X, t) 

v~ \y H+ ^ 

To determine the current function A, there are the equations 

dA 

dy' 

b[ bx b~F(X, t) 

bXbt 

-~Hx~-~Xj \ &J(xy)r 
b j" bx f t'F(X, t) 

bXbt 

From the first of these equations 

A= 
bt 

where 0 is the symbol of an arbitrary function. 

Now - f— is a function of \ x, t; and y occurs in it only because it is contained 

in X, therefore 

\\ydy 
' b r bx~ 

^ (Xy)f =f bX 
b j- bx 

btJ (\y)x 
= t: f 6\ [x+arbitrary function of x and t 

bt (Xy)* 

but the arbitrary function of x and t may be supposed included in xp (x, t), theiefore 

J (Xy)j 

tF(X, 0 

bt to 

therefore 

But 

dA X2F(X, Ox d bx , d A 
&=^rA'“<fcd;>xi(y);+s^() 

A=A.\ A 
dx bx' x b\ 

d_ b 

dy y bX 

A—Ai\ A 
dt bt' 1 bX 
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whence 

therefore 

But 

b d Xt d 

bt dt Xy dy 

dA_b2F(\, t) 

dx bXbt 

b2F(X, t) 

bXbt 

= f^-rY——■Warbitrary function of x and t 
J Xy dy\ XyJ J 

Before the last integration can be performed 
1 d^ 

Xy dy 

X, 
must be expressed as a 

function of X, x, t. If — f be expressed as a function of X, x, t then y can occur in it 
Xy 

only through X. Therefore 

Therefore 

dy 

br bx _ r 

iJai-J 
bX 

bx 

-r =-r+*(*■ *) 
X, 

bX \ X, 

where <t> is the symbol of an arbitrary function, 

therefore 

dA 

dx 

h f bx , W(X, t) 
bXbt +x~^x> ^ 

Hence choosing the arbitrary function \jj (x, t) so that 

^\jj(x,.t) = <t>(x, t) 

dA 
this value of agrees with its known value. 

And 

xfj(x, i) = j(cc, = 
bx 

(Xv)* t 
y/1 te=fte(xj; +shxI(^+p(x’ ‘J+Qfo *) 
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where P and Q are arbitrary functions introduced in consequence of the change in 

the order of integration. 

Therefore 

+P(X, t) + Q(x, t). 
•y! t 

Comparing now ~ and with their known values, it will follow that = 0, 

therefore Q(x, t) is a function of t only and may be considered to be included 

in P(\, t)> 

§F(A, t) 
As 

St 
may also be considered to be included in it, it follows'"' that 

A=K(X, «)+(W^ 

[This form of A may be obtained much more conveniently thus. 

Since \t+v\x+v\!/=0 and u=^, uy it follows that 
dy’ 

dA dA _ 

h + dyK~d^^-°' 

therefore 

A=K(X, t)+\Sx(^, 

The same way of obtaining A is applicable to Arts. 5 and 8.—August 30th, 1884.] 

* The form in which A appears does not appear to be related to y and —x in the same wav, as would 

be expected. 

But denoting differentials of X, y, t by cX, cy, St, it may be shown that 

The two forms of A will agree if 

Suppose that 

But 

therefore 

whence 

therefore 

j Sx +1cy = a function of X, t. 

f /XA* oR \t 

pwr=R-thcn ¥=v 
d S d S S d S £ 6 d Xy d 

dx=Xx~$X’ dy=Sy + X^SX’ dt~St + Xi!6X’ whence E^=dy~\x dx 

dR \y dR_\t 

dy \x dx ~\x 

R=-jte(v)A,t(x’') 

bCf+MM); 
so that the two forms agree. 
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But vx—uy=f(\, i{j)= some function of X, g, 

therefore 

dtf^~ dtf n(X’ ^ 

where H is an arbitrary function 

therefore 

dx( [ = H 
tF(\, t) r bx 

bx W 

The arbitrary functions K(X, t) and - ^ being implicitly contained in the integrals 

need not be expressed. 

4. Now suppose that there exists a vortex of invariable form which moves with 

arbitrary velocity along the axis of y. Let the equation to its surface be a function of 

x, and y—Y only, where Y is an arbitrary function of t only. 

Let 
X=L(«, y—Y) 

then 

_dL 

f/~dy 

therefore 

Y __ __y 

Also y—Y can be expressed as a function of X, x only from the equation 

X=L(a:, y—Y). 

Therefore \ can be expressed as a function of X, x only, not t. 

Therefore G(X, x, £)= ——-7 does not contain t, since (X^)* does not contain t, and 
J(Y)f * 

may now be written (X^. 

Therefore 
SG 

St 
= 0 

In this case the equation takes the form 

±( - +4-/ x/%L =H( X, 
dx sx dy Sx 

f bF(X. t) 

J WJ ^ b\ 

£+£)k(m)=h(x, 
Sx 6F(X, t) 

bx 

therefore 
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r 

and now 

“=^rH(E(x’ *>-*) 

,=y_x/_SM)=-|(K(X,i)-.Y) 

therefore 

K(X, t)-xY 

is the current function. 

Of course this could have been directly deduced from the form of the current func¬ 

tion in the preceding article by putting —Y. 

5. To obtain similar expressions in polar coordinates. 

Let R and © be the radial and tangential velocities. 

Therefore 

u—R cos 6 — © sin 6, v=R sin 0+© cos 6 

„ ^ sin 6 x • n\ i cos0\ 
\r= cos c/Xr— ~ Kg, h-y— sm vhr-\-—^-ke 

'h-xtyy \/XP-r- 

\rxpe — \exjjr 

Xir + wXr-b'VX„—Y/—(— RX,+ Y 
J r 

In this case the equation corresponding to the equation in g of Art. 3 is \rg6—Xegr=r. 

The auxiliary system of equations is 

<W dr  dg 

Xr —\g r 

Let differentials of the variables r, t when regarded as independent be denoted by 

b\, hr, bt respectively. 

Therefore 

9= 
r rSr &F(\, t) 

==G(X, r, f)+ 
8F(\, t) 

b\ 

Then since 

it follows that 

X/+ RX,.+ — \g = 0, and pv+ R9>~\~ r 9e — 0 

bt+m\ X 

t-V 
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therefore 

But 

therefore 

vx—Uy=y (R sin $+0 cos 9)— f (R cos 9—0 sin 9) 
CIX 

= R sin 0+0 cos 0)-\-0x^(R sin 0+© cos 6) 

—ry^(R cos 0—0 sin 9) — 0^(R cos 0 — 0 sin 9) 

_d& 1 dR © 

dr r dO ~ r 

If d . . rfR 

V‘~U’=r{ Jr^-TS 

To determine the current function A there are the equations 

1 dA 1 /t2F(A., t) b f rbr \ 

r d9 r e\ bXbt bt] (\e)r) 

dA  Xt v /t2F(A, t) b T rbr \ 

dr V\e '\ bXbt btj(\e)r) 

From the first of these 

A= 
&F(\, t) 

bt 

where xp is an arbitrary function. 

Therefore 

But 

whence 

dA _b*F(\t) 

dr bXbt 

d_ 8 

dr bt +*>(>■> t) 

A 
dr 

d__ 

dd 

A . x — 

x A 

—-- + A 
b 

bX 

b d Xt d 

bt dt Xed9 

3 c MDCCCLXXXIV, 
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therefore 
dA t2F(X, l). b" f. . f rbr 

dr b\bt 

br b , , v 
—+!:#•> 0 

£>2F(X, £)x *>f ^X x b f rbr , b lf ^ 

-~^r K~ (X;,j ' w ’ * 

But 
b f rb\ 

^ (X<j)r 

f ,x b( 1 \ ( KJd \ d\l _(rb\ d_f \ 

= L J \dd)\9~J X, d0\ X9 
: £ 

where <F is an arbitrary function. 

Therefore 

dr 
= X, 

/t2F(X, t) b f rbr \ 

\ b\bt bt\(Xfl)r / 

Choosing the arbitrary function xfj(r, t) so that — t)=<$(r, t), the value of 

rees 1 

And since 

agrees with its known value © 

•Mr, t)=\i>,•*(,■, o={^{^+K(£)f =frSr(*0; +sH§+pk °+Q(r't] 

A=^A+frir(^ +P(X, «)+QF. 0 

therefore 

and reasoning as in Art. 3 it follows that 

A=K(X, i) + jrdr 
X 

XJ t 

And since vT—uy is a function of X, g, it follows that 

f?A a 

dx^ dy~ 

d? A .d2A r 
S+^ = H^ 9i 

therefore 

6. Now take the case of a vortex of invariable form rotating about the origin. 

Let its equation be 
X=L(r, 6—<y) 

where a is a function of t only. 

a*
 I 
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Then as before 

and 

therefore 

V 

Ah 

bGr 

bt 
= 0 

\e SK(\, t) 1 cl ( r\ 

r dO 

© = rcb — A,. 
SK(A. t) 

SA = ~d)iK^’ 

and the equation in A may be expressed in the form 

''!+;£+5£Xk(M-v»)=h(a,- 
vd?’3 1 r dr 1 r3 d.6~)\ 

The current function is 

rbr AF(A, t) 

J (Afljr ' ^>A 

K(A, t)--a 

To obtain this directly from the foregoing article, put for ~ its value — d> 
A® 

7. To obtain similar expressions when the motion of every element of the fluid is 

in planes passing through the axis of z, the motion being the same in all such planes. 

Let r be the velocity away from the axis of z, and w the velocity parallel axis of z. 

The equations of motion are 

'dp dr dr dr d 

~dt+TTr + Wdi=~Jr 
+V 

dw , dw d I [dp , ,T 

+T*+"'* = -&(J7+v 

dw . dw 

dt 

1 Id d 

dz 

r clr , dw 
A*+ta.+“’-'-V+,:+,,.. + x-° r dr dz 

Differentiating the first equation with regard to 2, the second with regard to r and 

subtracting, it can be shown that 

therefore 

dr duA /dw dr\ ,/d d d\/dw dr\ 

Jr+ & )\dr ~I4+ U+TA-+W&A* 

therefore 

dt + 
d d\fdw dr\ flfd , d , d\ t] (die 

Tdr+WJdVr~^r\idt+7dr+Wi)P+r\[dr- 

dw dr 

dz 

1 fd d d\fdw dr die dr 1 / dw dr d d d 
t _ _ j- . I- qjj- j Q 

r\dt ' ' dr 1 w dz)\dr dz) r~\dr dz) rp\dr dz)\\dt' dr' db>-'“ 

3 C 2 
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Observing that 

This may be written 

d d d \ 1 r 

dt+Tdr+WIz)r=--° r~ 

i+Ti+am(d”^ 
dt' dr' dz)\r\dr dz 

d , d d\ 

dt dr 

therefore 

1 / dw dr 

r\dr dz 

(d , d , d\\ 
f dw diO 

\dt+Tdr+Wdz]\ 
dr dz) 

L rp J 
This becomes, on putting in Clebsch’s forms, t=^+X—^y, 

fd d d \ f 1 (d\ d\jr d^jr dX\ I   

\dt 7dr Wdz)\rp\dr dz dr dz) J 

And as in Art. 2 this result may be deduced from the equation of continuity and 

,. , . dx dX dX . d-dr d-dr d-dr . 
the two equations H7 + T-+W—= 0, and wt+t— +w-t~=0 only. 

dt dr d: 

8. Hence, supposing p constant 

Xr^jrz—Xz^frr 

=f(K *)= 

Kg:-kg, = r 

b\}r 

Let differentials of the variables X, r, t, when regarded as independent be denoted 

by bX, dr, bt respectively, then 

f rbr bF(X, t) 
i— ~ “ O • 

J(X> 
g-- bx 

and 

P/v „ A , bY(X,t) 
■ G(X, r, 0 + -^ 

1 r bG . b2F(X, t) 
T= ~ X 

bt 

X< 1 V 

w= — -— x, 
X- r 

btbX 

bG b2F(X, t) 

tf"*" btbX 

'To find the current function A there are the equations 



OF WHICH IS MOVING ROTATIONALLY AND PART IRROTATIONALLY. 381 

From the first 

therefore 

But 

whence 

therefore 

But 

therefore 

A= 
&F(\, f) b f f rbr 

bt btJ M0+#r- 

dA_b*F(\, t) N d b[^ [rbr , d 

dr bXbt 

\ o? off rbr ,d 

d £> b 

&r~br'^Xrbx 

d_  b 

dz ~b\ 

A 
dt bt ' 1 b\ 

b  d \t d 

bt dt X2 dz 

rfA_68F(\, t) x bCrbX b [ rbr , b . . 

dr~ b\bt K 

Xtz , i >
* ip
 

v21 r a/ y 

d V d \ 1 

dt X2 dz jx, 

Xt 
X, dz\ X 

=[r!,A(-i;)=-r£+4>(r-<) 

dA fb°F(X, t) i f rbr \ , \t . , b , 

* =H_»r!“s Jvj)+r (> 
Hence, choosing xfj(r, t) so that 

and therefore 

Ur, t)=\i(r, <)»r=jrtr^+{>r 0+Q(n 0 

the required form for — is obtained. 
dr 

A— 
&F(\, t) 

bt 
+ JrSr/—'Y+P(\, «) + Q(r, t) 
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and reasoning as in Art. 3 it follows that 

A=K(\, f) +jVb?/ 

But -(——C^\ is a function of g. 
r\dr clz ] 

Therefore 
1 /d3A 1 dA , d*A\ r 

therefore 

a\ dr2 r dr dz 

tF(X, t) f rbr 

’ b\ , ‘(A? 

9. For a vortex of invariable form which moves parallel to the axis of 2. 

\=L(r, z—Z) 

where Z is a function of t only. 

As before 

— = — Z and --- = 0 
X- bt 

()-^z 

w =z-A^=-1^(K(m)Az 

Therefore the equation in A. becomes 

..2 ■ 5 lie SK 
i.e., 

therefore 

1(£1+* I *W 0) = H (x. 
?’3 Ids3 fZ?’3 r dr) \ tX J (A)?' 

The current function is 

K(X, t)--Z 

To obtain it directly from the preceding article, it would only have been necessary 

to put 
A 
X." 

= -Z 

rK' 
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Illustrations. 

10. Example I. Take the simplest case of the equation in \ given in Art. 4, viz., 

where c is a constant. 
dx^df)X ° 

x2 (y_Y)3\ 
It is required to examine whether — -j- ' —— ) can represent vortex sheets 

va2 1 

in a motion, part of which is rotational and part irrotational ( f a, b being constants). 

Substituting in the equation 

Also 

(2C)(aS + ;,s) e 

«=/•—«— 

v=Y 

To find xfj it is necessary to solve the equation 

d± , j.2(y—Y) # f2x\ df_ 

dt W dx dy ~ 

The auxiliary system of equations is 

dt dx dy dsjr 

1 2/(y — Y) y_2fx 

b2 a? 
0 

One integral of which is 

)= const. = O 7 0 
a'- tr 

and the other 

x f f 
t — — sin 1 - a / A = const. = n 

Ij a V m 

where for to must be substituted its value. 

Hence 
/ o / i 0-A)2' 
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Whence 
\ d^fr y- Y 

) dx " 2/ 

x* _(2/-Y)2\4_ x 
^ V )dy 2/ 

Substituting for u and v in the dynamical equations 

p t 2/2 ■ • 

-j- (x2+ (y —Y)2) — yY + an arbitrary function of t which need not be considered. 

Now the equation determining y which is 

dX , 2/Qy-Y) ^ /y_^W 

(ft &2 dx \ «2 / dy 

= 2n0-|)g-'qY)-|A+(;/-Y)Y+ a function oft. 

becomes 

The integrals of the auxiliary system are 

, ,,/a:2 , <J/-Y)2\ 
—j= const. =ra 

ah . _~.cc / f 
t — — sin A/ = const. = ?i 

2/ a v m 

in ~ (L—n)-{-b \JyY cos a function of t. 
O 7 0 m a~—b~ 

X~T~ab~ Sm 

Hence one value of the integral of the equation in y. which may be called y', is 

obtained by substituting for m and n their values, and is 

Whence 

But 

=2yY(!/-Y) + ’%-Y) 

u=f 

a2b°~ 

2-i 

a*b* 

2(y-Y) 

62 

Ty 2/.« 
V = Y-^7T 
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If now e be some constant, then 

v—e 
*,(y-Y)2 
t2~^ b2 1 )'A»—x'v= — 

Choosing the constant e= 

become exfty respectively. 

2/2(a2 + 52) 

a252 

Therefore 

the right hand sides of these equations 

«2 + 62 

a2b2 

a2 + b2fx2 

a2b2 \a.2 
(y-Y)2 

b2 

_d_( , 0<,,9 a2 + &2 

V~dy\X ^ ' a~b2 ^ ■2/ 

, a2-\-b2 (x2 
07 Q 1 0 a2o" \«.2 

(y~Y)2_-,W 
b2 Jdy 

Putting in for y' and t/; their values, it will be seen that for the y of Clebsch’s 

forms of expression for the components of the velocity, it is necessary to take 

A//%-Y)+Y(2,-Y)-2/ -\t\ of 2 d" b I ctb . _-i 
-Y'-^^t|‘-2?Sm 

The terms, containing t only, may be omitted. 

Thus if p be the density of a distribution of matter of which x is the potential 

P=~ 
1(*X ,d\\_ 1 ZM-V) m(y-Y) 

ATr\dx2 dy2) Air a464 (x2 (?/—Y)2\~ 
+ P / 

therefore 

c o? — b2 x(y—Y) 

P= 47t‘~cdb2~‘ (o? , (y-Y)2J 

a2^ 

The potential of this density (see Art. 15) at an internal point is 

f^-Y)+f|sin- Vx? 
a2 b2 

sin 1 

3 D MDCCCLXXXIV. 
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Adding to this the cyclic term 

cab x 

TSU1 </x* + (y-Yf 

giving a cyclic constant — rrabc=nab (-j- 2 £) where 2£= — — the expression 

obtained is 

c a —b . _T. , cab . 

2a + i x(y~Y+Y sm Vx2 
a* 

+ (y-Y)3 

b2 

This will not agree with the value of y, unless 

c a—b_a2 — b" 

2a + b~ a%2 ^ 

cab_/(<x2 + &2) 

Y= aft 

Y=0 

The first and second equation require «=&. 

Hence this method will not lead to a determination of the irrotational motion out¬ 

side the cylinder. It does not prove that there is no irrotational motion outside 

continuous with the rotational motion inside the cylinder. 

Supposing Helmholtz’s method applied to this case, it would be necessary to find 
Q 

a value of A which is the potential of a distribution of matter of density — — inside 

the surface 
^ Ay-Y)2 
a2' b2 ~ ' 

The result is that inside, 

A = 
cab 

and outside. 

C-f 
a(a + b) b(a + b) _ 

cal 

a=t "C'+ log <✓*•+«+ 

where 
** (y-Yfi 

a~ + e' &2 + e 
= 1, and C and C' are constants. 

If the constants C and O' be properly determined, these expressions will be 

continuous at the surface — + ———=1. Their differential coefficients are also 

continuous. 
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Now 
dA_ca(y—Y) 

dy a+ b ’ 

dA — cbx 

dx a + b 
inside the cylinder. 

At the surface of the cylinder, — and — have the same values whether calculated 
dx dy 

from the value of A inside it or outside it. 

In order to have the rotational motion continuous with the irrotational motion, it is 

necessary that all over the surface of the cylinder 

f%-Y) ca(y—Y) 

b2 a + b 

cbx 

a + b’ 

But these equations cannot be satisfied unless a=b, Y=0. 

The solution may, however, be completed for a finite portion of the plane of x, y 

outside the cylinder by means of Example III. which follows 

In Example III., put cy = 0, this will make 

\=A of Example 111.==/.—^- log (\/a2+e+ v/& + e)+^^2(^3” (y—Y)2) 

_ f(a°~ 
ab(ai 

where 

s8 ■ (y- Y)2 
a? + e J2 + e 

+ &2) 

-b2) s/ (a3+e)(634-e) 
ar (y-Y)! 

a2 + e V2, + e 

Therefore the current function A of this example is 

x-A=/AV5 log (v/oa+€+ 2/ 
cib & 7 a? — V- 

ab(a2 — b2) v A 1 7\<P + e 62 + e 
— £cY 

This is equivalent to the form in the abstract printed in the Proceedings. 

For the motion to be possible, it must be supposed to be confined to a cylinder of 

finite section, appropriate surface conditions being supplied at the surface of the 

bounding cylinder. 

11. Example II. In the preceding example it was shown that none of the methods 

would apply for the whole of space surrounding the rotationally moving liquid. 

Knowing Kirchhoff’s investigation of the rotating elliptic vortex cylinder, let the 

form of the equation given in Art. 6 be considered, and the following simple case of 

it taken. 

(d* l_d 

\d/r r dr 

1 d3 

r2 dd2 
Trr X —=C 

3 D 2 
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A particular integral is 

*=(/) 
v2 cos” (6 — go) r2 sin2 (6 — a>) 

~o? •" 

if */(£+£) — 2&>=c(=—2£ of Kirchhofe’s “ Vorlesungen liber Mathematische 

Pbysik.” Zwanzigste Yorlesung). Therefore w is constant. 

Let x, y' be the coordinates of the point x, y if referred to the principal axes of the 

ellipse which rotates with uniform angular velocity do ; u' v' the components of the 

velocity parallel to these moving axes. 

Thus 

x=x cos oit-\-y sin dot ; y'= —x sin d>t-\-y cos dot 

The velocities along and perpendicular to the radius vector are 

=_Ux-^=_y+|_n,,_//_/v. ©= 
dr\" 2 J \a2 1 b2 \a2 b2 

r cos 2(6—a>) 

u — It cos (6—oj) — © sin (6 — co) = [^—cb^jy' 

A=B. sin (6— w)+© cos (6—<y) = — —cb^jx' 

u—u cos dot—v sin dot 

v—u sin d>t-\-v cos dot 

lx'2 v'2 

x=wb+? 
To find ip it is necessary to solve the equation 

The auxiliary system is 

g-±+M+M=o 
dt dx dy 

dt dx dy difr 

1 u v 0 

It will be more convenient to obtain xp in terms of x, yf. 

Since 

dx— cos cot.dx-\- sin dot.dy-\-doy .dt 

dy — — sin dot.dx-\- cos cbt.dy—cox ,dt, 

rV 



OF WHICH IS MOVING ROTATIONALLY AND PART IRROTATIONALLY. 389 

therefore 

therefore 

therefore 

dt dx' dy' 

1 u cos cbt + v sin ait -|- d>y' —u sin <bt + v cos dot — <bx' 0 

dt dx dy' d\fr 

1 u' + doy' v' — <bx' 0 

dt dx' dy' dyjr 

V x 0 24 -vg, 

The integrals are 

** ■ y'* 
(/) 3 + 5 =» X 1 lr 

ah . (od 
t — — sin - 

2/ \a V i)=n 
therefore 

x=(/)(S+? 

The current function A=\—-|c5r3 

ab . 
— *—— sm-1 

x 

a 

2/ 
V 

= (/)($+$)-1^ + ^) 

To find^+V 
P 

(d d d \ 
First express \yf^u(fv^v~yy) a f°rm in which x, y\ t are independent variables. 

d d\ d dx' d dy' d (dx' d dif d 
/+T17 dt dx dy] dt dt dx' dt dy' \dx dx' dx dy 

dx' d dy' d 

^ /7)/ ) l’( ,7,/ 1“ dy dx' dy dy‘ 

*i 4 a \ d / ## «# a \ d 
= Y+(<y?y cos <y£-f-v sm cot) (~ox —it sm + v cos &V) 7-7 

CLJj Ct'i10 CL'IJ dx' 

_ d | X . X | /\ ^ ./ /\ ^ 
ate' 

2yy ^ 
dt b“ dx a dy 

therefore the equations 
du , du du 
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become 

dt 
,w i 2fx' 

i+ &2 dx " a2 dy') 

. W d 2/Y d\ 
i-1- &2 dxd a.2 dy'r 

therefore 

sin )+ cos ^tx' 

(4-fl 4\ / 
- coscbt.y'l^- + eu3j + sill (bt.x [ — 

therefore 

x 

y 

therefore 

VI, # 
«24 a2 

.Li+Vi 2 

= - cos &>£-4~+V 
dx\p 

= + sin +V 
dx\p 

a2Z>2^ a2 

-3 
a262+ a2 

sin 
dy\p 

. d Ip , tt 

cos <y£— -4- V 
dy\p 

-I(f+V) 

-^+v 

=-J^+Y 

_^+Y 

-+Y=a:,2^ct>2—^^+^^^+2/'3^a>3—an arbitrary function of the time. 

To find x 

The auxiliary system of equations to find x is 

dt dx dy dx 

1 u v 
i(M2+«0)---Y 

P 

V 
Substituting for u, v, —+Y their values, there may be substituted for these the 

equations 

One integral is 

Another is 

dt dx' dy' dx 

J'W a? \b2 cd )\ a? f i2 J 

,J2 2 
rx . rV 

ccb . fx' / f 
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To find the third, substituting for y' its value b /\Jr~— 2 

dx! dx 
2 Vf 

therefore 
a2—b2 . 

x= a% 
\/ 1 mcft—fx '2 

therefore one value of y satisfying the partial differential equation, which may be 

called x 

Also 

Whence 

Thus 

, f «3 —&3 , , 
x=f--^fxy 

(/)($+£ 

x'2 y'2 

'x'2 y'2\dy\r_ y' 

~a2+V2)'dx'~~~2f 

yz,y'2\d^_ x' 

a2 b2)dy' 2f 

, dV 
u — ~j—e 

dx +£-«= tf$+£-*+b)+% a3 b2 ) dx' 2f) 1 dx' 

i)f|=-4&+£-*+£+& dy' b3 ' a3 2f) ' dy' 

If, therefore, e be put =2/(tu — ^ 

M-£;v+e'/')+e(?+^“i)S a3 53 

/ d , , , fx'2 y’2 \(Alr 

” +^> +V+F_1)*7 

Thus the proper value to take for the y of Clebsch’s forms is y'-J-et/;. Omitting, 

as unnecessary, terms containing t only 



392 PROFESSOR M. J. M. HILL ON THE MOTION OF FLUID, PART 

Calculating 

47r\clx~ dif) Iir'dx'-' df~ 

_ i n_i\f-2ft 2/ 

47t\52 a2J\a2 Ir 
o-!- . 1 —2d) 

*y 

\ cr o~ / 

__£_/l_ I *y 
4tt\52 a?J(^ y2Y~ 

*2 +J2 

The value of the potential due to this density is the single-valued expression given 

in Art. 15, viz. 
x' 

c a —b , , cab. . , 

S'VPi^^+Tl81'1 

x' 

'2 Sm x/x'1 + y'2 

Add to this the term ~ sin 1 ^ to give the cyclic constant —■ (— 27r) = 7ra&.2£ 
\A'2 + ?/ 

in Kirchhoff’s notation ; then, in order that what is now obtained may be the same 

as y, it is necessary that 
„a2 — b“_c a — b 

•' a%2 =2 a + b 

7 / . / A Crt5 
-aT~a-f = T 

the latter of which is known to be true, but the former will not also be true unless 

W ah' 

cab 
o=2£- 

ab 
in Kirchhoff’s notation. 

(a + b)~ (a -f bf 

Up to this point no relation has been assumed between cb and f 

Supposing, however, this relation satisfied, the velocity potential at an external 
cal $£ , 

point is obtained by adding the same term — sin-1 to the potential found i 

Art. 15 for an external point. 

Thus velocity potential at an external point is 

m 

cabx'y' a2+52 + 2e 

-b°~ YV(«2 + e)(7)2 + e) 

. . cab . , 
1 +TT sm \/ «2 + e 

• CC * 'l l * • • 
where e is a root of the equation - ■ -f-~; —= 1, the axes x, y' turning round with 

angular velocity d>= 
2 Sab 

(a + b)~ 

The expressions for the velocity, which may be deduced from this, might also have 

been obtained by Helmholtz’s Method from the current function A which is the 
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• c 'l 
potential of the density ——throughout the cylinder =1, and which is given 

in Example I. 
V 

These values make - -j-V continuous at the surface. 
P 

12. Example III. Supposing the relation found in the last article between f and ci 

not satisfied, it is required to find a solution if possible. 

Using the elliptic coordinates e, v which satisfy the equations 

x n 
+ 

y 
cr -f e b2 + e 

X'2 y'2 

a? + v b2-\-v 
= 1 

where 

Hence 

and putting 

x'2 = 

— b2 < e < go 

— a2<u< — b2 

(a2 + e)(a2 + v) ,, _(b2 + e)(-b2- v) 

a2 — b2 >y~— o2-b2 

a— log (\/a2+e+ \/62H-e) 

/?= — tan-1 aJ - 
-b2-v 

+ a2 + u 

PY d9Y 
Laplace’s equation becomes —=0. 

da.2 dp2 

If Y be a function of e only, then V=Ca+C/. Similarly V=C/3-|-C/ is a solution. 

But if Y=E.U where E is a function of e only, U a function of v only, then 

TTd2E , „d2U 

U3?+E4*=° 

d2~Ej 
Suppose there exist a value of E such that =p2E. 

Then 

Therefore if 

E=Ae^a+Be~^“ 

U=A' cos pfi+B' si n p/3 

d2 U 

d/3 
\+pr U = 0. 

E=A(\/crd-e-f \Zb2-\-e)P-\-B(v/a2+e+ \Zb2-{-e) p 

U = A' cos jp tan-1 aJ -B' sin jp tan"1 aJ 

3 E MDCCCLXX XIV. 
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When 

p=l, E=C\/a2+e4-D\/62+e 

U= O' v/^+h+D V-&2-v 

1>=2, E=c(£+^) +D y(a?+*j(V‘+7). 

U=C'(t>+~)+DVV+»)(-iJ-») 

and so on. 

Now suppose it required to express A as the current function of an irrotational 

motion under the condition that 

. j%D CO / | /o\ I | !' -t 

A=/^+/^-2 wherever 

Assume if possible 

/$+/£-f (^+^) 
= A + Blog(v^'a2+e+ \/hJ-f e) + c ■^UDvV+£)(&2+e) 

a2+&2 

The form of the expression on the right-hand side shows that it is the current 

function of an irrotational motion. 

But 

aa + 53 w as + js\ a?-l\ . /a3-Z>2N9 

£+-2*jh+ ~2~j=~(x -y-)~ 

cP + W a?-W-1 A3 ?/2 

2 W2 + e &2 +1 

therefore the assumption is 

x'2 w 

=A+B log (vV+i+v^-H+C ^ y 2 

+ D~v/(aa+€)(^+£) 

a2-Z>2 

a2-62 . . / A3 ?//2 

a3 + e 62 + e 

#'2 ?/'3 
If this is to be satisfied when — + =1, and therefore when e=0, it is possible to 

i a2 ~1“ bn- 

lyn y'2 
to either side and then equate the coefficients of x'2, y'2. The con- 
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stant A can always be chosen so as to make the absolute terms equal. The elimination 

of k from the two equations for C, D in which it occurs will leave the one relation 

between them which must be satisfied. 

/ X * 'll * 
Adding k [ —+wr— 1 to the right-hand side, the conditions are 

/ cb a*-b\ Tx a*-F , k 

a/ 2 2 2a2 cr 

¥-Z = -C.—2-D.ab.~zp-+p 

and an equation to determine A. 

The velocity parallel axis of x' inside cylinder =^q==^~—<b \ y'. 

clA. /2 f y 
The velocity parallel axis of y' outside cylinder = — —=—[^ —w) x 

ClX \ CL 

From the assumed value of A for space outside cylinder 

dA 

dy 
= -G(a?-b^'-T>(a?-¥)y ^ 

+ e 

62 + e 

dy' 

2^/(a*+ €)(& + €) 
B+D 

( a/2 r 
2 \a2-f-e 62-fe 

dA 

dxf -C(a2-&V-D(a3-&2>F hl±l 
a~ + e 

de 
dx' 

2 v/(as + e)(62 + 6) a? + e &2 + e 

For the continuity of the values of at the surface e=0, it is evident that the 

coefficients of —, must vanish. Therefore 

Also 

B+D^V^o 

/-*6=-C(a»-6*)-D^(a»-6*) 

^-■5= C(«»-4»)+D^(a*-6») 

3 E 2 
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These are the same equations as those obtained for the continuity of A if Jc=Q, 

whence 

1_ ab [4/ . a.3 + &2] 

a&l 
C= n'“ ^-(o 

D: 

Therefore 

(cft — b2)2 [ ab 

ab 

\a?-b2f 2/1^ 1-2- 

r'2 ?/2 m 

= const. -\-ab\ fa —cb 
a2b2 

log (\/a3+e+\/6'3+e)+i.^y^r )(*'—y'2) 
aft /' 

a5 
.c* /b+*)-*)vV+«K*+«) 

/o /o 
y 

a.2 + e 52 + e 

V , 
To examine whether this will make the value of - +Y continuous at the surface. 

P 
Inside it is known that 

2+Y=x*(l<b2-^-+^)+y2 [^~Hir+y^)+ arbitrary function of t 
P 

Outside 

b2 a2b2 

£+v= -f ■-i((S)'+(<v)')+ arbitrar-Y function of 

where <f> is the velocity potential. 

Now as cb is constant, if <£ be expressed as a function of x , y (e is a function of x, y') 

then t can only occur in </> through occurring in x, y . 

Therefore 

d(f) d<f> dx' d(p dy' 

dt dx' dt dy' dt 
u. (by—v'.tbx 

But it has already been shown that the velocities are continuous at the surface. 

Therefore at the surface 

dcj) 

dx' 
7>(b 

d(f> 

dy' 

Therefore at the surface 

=+ V= —2.x'3 (^~—^dr\ — 2y''2 (y^—arbitrary function of t. 
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V 
The difference of the values of +Y as given by the above expressions obtained 

from the motion inside and outside is 

2/2( j — 2/cj j i^-\~ |y) + arbitrary function of t. 

X'2 y'2 

As —■= 1, choosing the difference of the arbitrary functions of t to be constant 

and equal to 2fcb — the value of will be continuous at the surface. 

The current function of the irrotational motion is A. 

Therefore the equation to a surface always containing the same particles is 

(x'2+y’*) + A = const. 

That is, in elliptic coordinates :—- 

^(e+v+a2+b2)+ab log (v7a2+e+ \/63+e) 

, a2J-62\ 
v+—-—)= const. 

Now if e be chosen so as to make the coefficient of v vanish, it will always be 

possible to choose the constant so that the equation is satisfied. Therefore the 

elliptic cylinders corresponding to the values of e which make the coefficient of 

v vanish will be parts of surfaces \=const., and will therefore always contain the 

same particles. 

These values of e satisfy the equation 

ab 

(a2-&2)2 

. a2 + 52 

ab ab 

0 , 7 c a~ + b‘ 
— 2(/ — <u)v/(a'H-e)(b' + e) 

. a2 + b~ 
-co~- 
ab ab 

«2 + &2\ a, (a2-62)2 _/ ,Y + &2 

2 / ' 2' ab 
co'j v7(cr-f-e)(bJ-f-e) 

Solving this in the ordinary way, the roots obtained are 

It is necessary to examine whether these roots satisfy the above equation, or the 

equation obtained by changing the sign of the radical on the right-hand side. 
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As positive values of e only are required, it is necessary to examine the relations 

between cb and f which will make e positive 

If 

/cc~ + b2 co\ 

X^w~f) 
CO 

f + ab)[f ab 

- CO 
CO 

<f< 

2 

ab 
e is positive. 

cb 2 

ab 
e is infinite. 

2 

ab 

CO 

</< 

2 

ab 
e is negative, 

cb 

?= 

2 

ab 
e is infinite. 

2 

ab 

cb 

<7< 

a24-52 
e is positive. 

cb 

r 

. «3 + 52 

a*b2 
e is zero. 

a^ + b- 

A
 

■S
J
 e

- 
A

 

oo e is negative, 
a%~ 

It the relation between cb and f is such as to make e positive, it is necessary to see 

whether the equation in e above is satisfied. 

a2 + 62 © 

_^\_arbl_l 

d)\2 4 

f) -rfw 

&> 2\s 
a- 
/ a) 

_4_ 

f) aW 

b~ + e-- 

,s“-2 
- V / 1 

a>\2 4 

f) 
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First suppose 

Then 

d> 2 
'CO < — < — 

/ Ob 

\/a3+e= 

d> 2 
—a—+ - 

f a 

V l f) aW 

so that 

y/b2-\-e= / i 

a/(-; 

a/ (a2-he)(6s+e): 

4 

f) aPb2 

<& 2\l 7a> 2 
-a- + - ( —6—t— 
f aA / & 

o>\3 4 

// a252 

and the equation in e is satisfied. 

Next suppose 

Now 

2 cb a2+ b~ 

ab^~ a?b2 

\/«2+e= 

w 2 
a- 
/ * 

4 

f] aW 

^b2+e = - 

, &) 2 

/ & 

a/(! 
2_4_ 

\/y 

These values, however, do not satisfy the equation in e. 

Hence it appears that if 

the elliptic cylinder for which 

w 2 

a2 + &2 d> 

aW f 

~ /ft>\® 4 

f) a2b2 
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is part of one of the surfaces \= const., and therefore always contains the same 

particles. 
x'~ ?/2 

Hence, if the smooth hollow rigid cylinder ——;—— =1 rotate about its axis with 

uniform angular velocity d>, such that 

/«2 + &2 0 

\ ct2b2 / 

_4_ 5 Vs 

f) a2b2 

x'2 yn- 
it is possible that the fluid inside the geometrical surface —= 1 should move 

rotationally, and that the fluid between the two cylinders should be moving irrota- 

tionally, the rotational and irrotational motion being continuous. 

The components of the velocity of the rotational motion parallel to the axes of the 

sections of the cylinder by the plane of x, y' are 

and 

The components of the velocity of the irrotational motion in the same directions are 

dA d\ 

dy' dx' 

i.e., 

and 

aby' 
9 7 0 ar—o* 

+ e 

62 + e' 

ctbx' 

a2 — b~ 

[ab ab J 

J4f . a2 + 52] 

\ab W ab J 

These expressions for the velocity will not agree with those obtained by Helmholtz’s 

Method, viz., Vvt!-1) and ,,=lS( VSt;-1)’ ™leSS *=-*’ 

i.e., in the case of Example IT., and the irrotational motion as obtained by Helmholtz's 

Method is not continuous with the rotational motion. The other method suffg’ested 

in this paper (in which the potential of the density — ±(*LX+dLX 
dtf 

is calculated) does 
47t \dx2 

not lead to a result. 

13. Example IV. To consider the case in which the vortex sheets are coaxial 

circular cylinders, and the molecular rotation is a function of the distance from the 

axis. 

This investigation will illustrate the reduction of the components of the velocity to 

Clebsch’s forms. 
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In this case 
d~X 1 dX 1 d~X 

d?^~r dr+^dd2 
= a function of r only, and \=F(r). 

It is supposed here that the initial line from which 0 is measured is fixed. 

Let It, © be the radial and tangential velocities, so that 

xfi satisfies the equation 

R=;S=° 

dX . . 
©=— ■—=—F (r) 

dr ' 

dt dr rdo 

The auxiliary system of equations is 

dt dr dd di]r 

l ~ 0 ~-F(r)—~0~ 

01b 
One integral is r=m, the other is , 0=n 

to 5 1 F(m) 

01 
Therefore the integrals are \=F(r), xjj=t-\-^—0 

The most general form of the integral will be \fi=^(m, n) where for m and n their 

values must be substituted. 

Substituting for It and © in the dynamical equations 

i’+V=f[F(r)P 
P * 

To find y, 

dX 
dt 

Therefore 

+
 

o
 

dt ‘ dr rdd 

[tew* 

The auxiliary system is therefore 

dt_dr 

T= o~: 
dd d% 

IV) i{F(r)}*-{{F(r)}«|: 

3 F MDCCCLXXXIV. 
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The integrals are 
r=m, 

X -6 

t+¥(P)0-n’ 

2 ' F'(r)J 1 Vn r = (1- 

therefore the integral of the original system is 

'=6 ■^}+fy?FP»^+xK«) 

Take \=F(r), \p=y$'(m, n) 

To reduce the components of the velocity to Clebsch’s forms, it is necessary to find 

X and so that 

i.e. 

Whence 

0 = 6 
F'(?•) rY\r) , (Y(r)-r¥"(r) 

{*»}2 yp>}41+“ 
M rw , bVnY(r)-rY\r) 1 

+ bn {F^r)}2 '\hmYbn {F'(r)}2 J 

~F(r): 
F\r) 

F(r)J 

2dr bX 1 tT' F(r) 

r im'F'(rW i»*F(r) 

bX , ,FF 

bm 

bX 

bn 
+F(r)^=_i{F(r)}^-[lF'(r)}^ 

To satisfy these put ^F=?i$>(r) in each, then since m=r, it follows from the first of 

these equations that 

X= — wj'F(r)^>/(r)cZr+©(?i) 

Substitute in the second equation, therefore, 

. - fF(r)9.'(»-)*+e'W + F<r)®(r)= -i{F(r)}»-j {F(r)}*|r 

It is necessary that ®'(n) should be constant, and it will be found that the constant 

may be taken as zero. 
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Differentiate the last equation with regard to r. 

Therefore 

W(r) 

Therefore 

x=^F(r)-rFW+ri|^}+<{F(r)F>)-i{F'(r)}HS^)-[{F'(0}3f 

\=F(r) 

1 F<r) 

If the rotationally-moving liquid be bounded by the cylinder \=0, and its radius 

be r—-a; then F (a) = 0 

Therefore when 

r=a, x=0(-aF»)+<{ -*(F'(a)r-J'(F'(a))^} 

A suitable value for the velocity potential at points outside the cylinder r=a is 

^=^-«F'(«))+«{-i(F'(«))s-{(F'(«))3* 

This will make the velocity and pressure continuous at the surface of the rotation- 

ally-moving liquid. Also the velocity at infinity will be infinitely small. 

14. Example Y. This case is of interest, because one set of the vortex sheets, viz., 

arz(z—Z)2-\-b(r2—or)2= const., consists in part of ring-shaped surfaces. The results 

only are given. 

If a and b are positive, and the constant <Z>a4', then this represents ring-shaped 

surfaces. 

The equation in A of Art. 9, includes as a special case 

A particular integral is 

ltd? 1 d d?\ 

r2\dr2 r dr^dz^ C°nSt’ 

\= ar2(z—Z)3-f 6 (r3—a2)3 

T=2ar(z—Z) and w=Z— 2a(z — Z)2—46(r2—a2) 

3 F 2 

giving 
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The value of-+V is 
P 

2 ab{r2-0Lzf-2a\z-Zy+Saba2(z-Z)z-(z-Z)Z+e'(t) 

where 0'(t) is an arbitrary function of t. 

The differential equation in xjj has two independent integrals one of which is 

and the other 

ar2(z—Z)3+6(r3—a2)3= const.=e 

dr 
t- 

•f 

9 /~ /--sTH— Const. — f ciy/ e — b(r'i—ct.~y J 

where after the integration is performed, the value of e must be substituted for it. 

The differential equation in y when solved will give 

y=arz(z-Z)- § ci(z — Z)3 + 46a2(z — Z) + zZ — J JrZ '2dt-\- <f>(t) 

4 V + ctbl 
■ 26(46 -\-a)ct.H- -f 

r*dr 

y/a J y/e-b(r*—a?) 

where G and <[> are the symbols of arbitrary functions. 

Finally, in order to express r as and w as G(e, f) is taken as 

(8 6+2a) (6a'1' — e0)yi 

Then \= (86 + 2a)(e0—e), xp= f, y= above expression with the value of G(e,f) taken 

as (86 + 2a)(6a4"—e0)f; where e=arz(z—Z)2+6 (r3—a2)3 and 

f=t~\ 
dr 

y is therefore 

ar^(z—Z) — §a(z—Z)3+46a3(z—Z)+zZ + 

J 2 *J~<Xy/ C —&(?'2 —a2)2’ 

462 + j- 7-4rfr 

J a/c — b(r~ a2 )2 y/ a J y/e — b(r~ — x~) 

—£t \ f dv 
— (46+a) -—, ,, „ ,+ an arbitrary function of t. 

\ Vco 1J v e — o(r" — ci~y ° 

The value of ——+,—'+- ^7-+ ~ ) calculated from this is complicated. The writer 
47r\ar2 r dr dz~ J i 

has not succeeded in applying any of the methods of this paper to complete this 

example. To complete the solution it would be necessary to find a value of the 

velocity potential </> which is continuous with y all over the surface e=e0, and then to 

examine whether the rate of variation of <f> is equal to the rate of variation of y 

normal to surface e=eQ. The former part of the work is always theoretically possible, 

but it may happen that the latter is not. 
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The values of the components of the velocity found however completely solve the 

following problem :— 

A hollow, smooth, rigid surface of annular form, whose ecpiation is 

ar2(z—Z)2+5(r3—of)2— const. 

moves parallel to the axis of z with arbitrary velocity Z, to find a possible rotational 

motion inside it. 

Appendix. 

X2 if 
15. The density inside the elliptic cylinder —-f-—= L is 

1 1 

4tr\f a*lJ 
x1 y 

it is required (on account of Examples I., II., and III.) to calculate the potential inside 

and outside. 

(It may be noticed that although the density is very great near the axis of the 

elliptic cylinder, yet the total mass of matter inside the cylinder = const., 

however small the constant may be, vanishes. Hence it is not singular that the 

potential should be finite). 

The density varies as xy on every ellipse whose equation is <, + /, = const. 

It will be well to commence by finding the potential of a cylindric shell bounded by 

the cylinders 

-,+%= landT^ + -^=l 
a2 /32 (may (m/3)2 

where m is a little > 1, and where the density varies as xy. 

The following are suitable values for the potential 

and 

where 

V'=Cu“-Sw inside 
2« + /3 J 

a3 + /33 + 2e 
V—r —— - (] - 

2v/(«2 + 6)(^ + 6)i 
xy outside 

a~ + e /33 + e 

and C has to be suitably determined. 
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For V' is finite and continuous inside the cylinder and satisfies Laplace’s equation. 

It is continuous with V at the surface of the cylinder. 

Also V satisfies Laplace’s equation outside the cylinder, and —, — both vanish 

at infinity. 

To find the volume density p of the shell, let Sn be the thickness of the shell, dn 

an element of normal drawn outwards. 

Also 

dY dY' , t . 
—-7 -p &Trpon = 0 
dn dn ' 

dY x2 y2 
Calculating the value of — at the surface —+ —= 1,fie., at the surface 

«2+e /32 + e 

where e=0 

dY_ n 0.-/3 xy 

dn 

1 

p being the perpendicular from the centre on the tangent to —+^= 1 at the point x, y. 

Similarly at the same point 

therefore 

dn U'2A + /3\a- /3V V 

dY dY'  pCxy o2-/32 

dn dn 2 a2/32 

Also —= — where afi-Sa is semi-major axis of external boundary of shell. 

Hence 

Cxy o~ — /32 o 

^ 87T «2yS2 So 

Now consider the cylindric shell bounded by the two surfaces 

or y x~ t ?/'- 

(«j’2^pj’2=1 allC [(m + Sm)«]2“*~[{m + 8m)b]2 

The density at the point x, y inside it is 

c 'HV 
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To find the potential of the shell, put 

'i_1 

Cxy a? — /32 « 1 c'\b2 a2 

where 

87t a2/32 8x 47r Ac2 

ct—ma, /3=mb, Sa=aSm, —+7;=m2 
«•" 0Z 

Hence 

C=-2c- 
8m 
m" 

Therefore potential inside is 

2c8m , a — b 

■^r*^bxy 
and potential outside is 

2c8vl ah w?a? + to2Z>2 + 2e 

m3 &2 — «2 \ L 2y/,(m2a2 + e)(m2&2 + e) 
xy 

where e is given by the equation 

r 
ra2a2-fe m2&2 + e 

= 1 

To calculate the potential of the whole cylinder, put a—m-P so that 

^ , r 
«2 + I)_t> + P' 

:m4 

Then the potential of the shell, considered above, at an external point, becomes 

2 c8m ab / «2 + fe2 + 2P 

" b~ — o? \ ”2v/(«2 + P)(62-f P)^ 

The limits of integration for m are 0 and 1, when integrating to find the potential 

of the whole cylinder at an external point. 

Therefore the limits of P are 00 and that value of e which satisfies the equation 
a:2 7/ , 0 0 

and which makes both cfi+e and Z>3+e positive. 

Also 

2 m8m— r 
(a2 + P)2 ' (62 + P)s 

SP. 
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Therefore the potential for the whole cylinder at an external point is 

a~ + ¥ + 2P \ [(«2 + P)2 1 (b 

2v/(«2 + P)(62 + P) 

«2 + 62 + 2P 

-£—\ 
b2 + P)2 J 

, f l2 
«2 + P ' 52 + PJ 

dP 

cab 2 \/(a2 + P)(&3 + P) , ccib _1 

b2—a2 
xy 

cab 

^ , r 
«2+p 52+p 

«2 + &2 + 2e 

' 2 v/(a2 + e)(Z>2 + e) 

_ tan 
2 iy 

- A2 + P] 
v V «2 + PJ 

+ 

c«5 ( «2 + 52 + 2e \ , cab / . « 

= 52 _ a? xlJ[1 “ 2 y (a2 + e)(b2 + e)/ + T ( Sm V/^ + < 
sin 1 

v/^ + J2 

To find the potential at an internal point x, y. 
x2 y2 

Suppose that this point lies on the elliptic cylinder t~ -f-rrr;= 1 
(/*»)" o&)~ 

Then the potential at x, y — potential of matter inside this cylinder 

+ potential of matter outside it. 

x2 y2 . . 
The potential of the matter inside -1—4--^—=1 is obtamed by taking the same 

1 (/^)2 (yb)2 J & 
x2 y2 

integral as in finding the potential of the cylinder — +—=1 at an external point, but 

x2 y2 
the limits for m are now 0 and y, i.e., P= 00 to P=a root of the equation ^r^y,+^ + j, — P' 

which makes a2+P, 63+P both positive, but this root is zero, since 7—w:+-r-rn;=l. 

This gives 
{yaf 1 (yb)2 

cab xy ( (a — b)2\ , cab/, ,bx , ,x 
----f - —f- +— tan"1-tan"1 
b“ —a~y\ 2ab ) 2 \ ay y 

i.e., 

c a —b xy , cab 
---2 _L—P 
2 a + b y2^ 2 1 

sm Vo o sin 1 
\/x2+y2 

The potential of the matter outside the cylinder -y,+|-1y-;= 1 is the integral of 

—2c8m^yt --Xy between the limits m—y and m—]. 
m' * a + b J n 
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Therefore the potential at the internal point x, y is 

c o — b , cab 
----xy-\-— < 
2 a + b J 2 

• —] Ct> • —I 
sin 1-.—  — sm 1 - 2 , o 

s/ +y 

9 1 
x y 

Thus if the density at the point x, y inside the elliptic cylinder - + 
a? ' b 

_c_( 1 1\ 

"4?rV&3 W {*>£? 
W & 

then the potential at an internal point is 

c co —b cab 

2 '^Tixy+ Y 
sm 

x 

—l a 

A A?+t 
V a? + V 

sin 1 
y/x^+y* 

and the potential at an external point is 

cab / a2 + 52 + 2e 

J-b~XlJ\VV + e)(62 + e)' 0+ 2 ism 
'— Sill 

v7 x1 + yi 

where 

J?L + J!L=i 
a2 + e ' 53 + e 

3 a 

,= 1 be 

MDCCCLXXXIV. 
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XVII. On the Electro-chemical Equivalent of Silver, and on the Absolute Electromotive 

Force of Clark Cells. 

By Lord Rayleigh, D.C.L., F.R.S., and Mrs. H. Sidgwick. 

Received June 18,—Read June 19, 1884. 

[Plate 17.] 

§ 1. In former communications* to the Royal Society we have investigated the 

absolute unit of electrical resistance, and have expressed it in terms of the B.A. unit 

and of a column of mercury at 0° of known dimensions. The complete solution of 

the problem of absolute electrical measurement involves, however, a second determi¬ 

nation, similar in kind, but quite independent of the first. In addition to resistance, 

we require to know some other electrical quantity, such as current or electromotive 

force. So far as we are aware, all the methods employed for this purpose define, in 

the first instance, an electrical current; but as a current cannot, like a resistance, be 

embodied in any material standard for future use, the result of the measurement must 

be recorded in terms of some effect. Thus, several observers have determined the 

quantity of silver deposited, or the quantity of water decomposed, by the passage of 

a known current for a known time. In this case the definition relates not so much to 

electric current as to electric quantity. A more direct definition of the unit current, 

and one which may perhaps be of practical service for the measurement of strong 

currents of 50 amperes or more, would be in terms of the rotation of the plane of 

polarisation of sodium light, which traverses a long column of bisulphide of carbon 

enveloped by the current a given number of times.! 

Other observers have expressed their results as a measurement of the electromotive 

force of a standard galvanic cell. In this case it is necessary to assume a knowledge 

of resistances. The known current in passing a known resistance gives rise to a 

known electromotive force, which is compared with that of the cell. 

In the present communication are detailed the experiments that we have made to 

determine the electro-chemical equivalent of silver, and the electromotive force of 

standard Clark cells. As regards the choice of silver there is not much room for a 

difference of opinion. The difficulties to be overcome in the use of a water volta-' 

meter are much greater. Copper is, indeed, employed in ordinary laboratory practice 

* Proc., Ap. 12, 1881; Phil. Trans., 1882, Part II.; and 1883, Part I. 
t See Camb. Phil. Proc., Nov. 26, 1883. 

3 G 2 
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and for commercial purposes ; but it is decidedly inferior to silver, both on account of 

its tendency to oxidise when heated in the air, and also because it changes weight in 

contact with copper sulphate solution without the passage of an electric current. 

Dr. Gore'" has made observations upon this subject, and our own experience has 

shown that no constancy of weight is to be found under these circumstances. Silver, 

on the other hand, seems to be entirely unaffected by contact with neutral solution of 

the nitrate. 

§ 2. The readiest method of measuring currents is, perhaps, that followed by 

Kohlrausch, both in his earlier! and in his recentJ work upon this subject, viz., 

to refer the current to the earth’s horizontal magnetic intensity (H) with an absolute 

galvanometer. The constant of the galvanometer is readily found from the data of 

construction with the necessary accuracy, and there is no doubt that in a well-equipped 

magnetic observatory the method is satisfactory. But the determination of H is no 

such easy matter, and its continual fluctuations must be registered by an auxiliary 

instrument. Many of the results obtained in past years do not appear to be very 

trustworthy, though Kohlrausch and Wild, who has discussed the sources of error 

in an elaborate manner, are of opinion that a high degree of accuracy is attainable. 

When, however, a current determination is the only object, the exclusion of this 

element seems to be desirable, except for rough purposes, when a sufficiently accurate 

value of H can be assigned without special experiment. 

§ 3. Of the arrangements which may be adopted for measuring the mechanical 

action between a fixed and a mobile conductor conveying the same current, the one 

that is best known is Weber’s electro-dynamometer.§ Two fixed coils may be 

arranged on Helmholtz’s principle, so as to give at the centre a very uniform field of 

force, in which the movable coil is suspended bifilarly. In the equilibrium position the 

planes of the coils are perpendicular, but under the influence of the current they tend 

to become parallel, and the deflection produced may be taken as a measure of the 

square of the current. The constant of the instrument, so far as dependent upon the 

dimensions of the large coils, can be readily determined ; the difficulty is to measure 

with sufficient accuracy the dimensions of the small coil, and to determine the force of 

restitution corresponding to a given rotation. The latter element is usually obtained 

indirectly from the moment of inertia of the suspended parts and from the time ot 

vibration. If the small coil contain a large number of turns in several layers, its con¬ 

stant is very difficult to determine by direct measurement. If, indeed, we could trust 

to the inextensibility of the wire, as some experimenters have thought themselves 

able to do, the mean radius could be accurately deduced from the total length of 

wire, and from the number of turns; but actual trial has convinced us that fine 

* ‘ Nature,’ Feb. 1, 1883, Feb. 15, 1883. 
f Fogg. Ann., Bd. cxlix., S. 170, 1873. 

. X Ber. der Phys.—Med. Ges. zu Wurzburg, 1884. 

§ Maxwell’s ‘ Electricity,’ § 725. 
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wire stretches very appreciably under the tension necessary for winding a coil 

satisfactorily. It is possible that the difficulty might be satisfactorily met by an 

electrical determination of the area of the windings after the method given by 

Maxwell,* or that employed in the present investigation. 

§ 4. In the researches of Joule and Cazin the electromagnetic action is a simple 

attraction or repulsion, and can be evaluated directly by balancing it against known 

weights. This method has been followed by Mascart in his recent important work 

upon this subject.! A long solenoid is suspended vertically in the balance, and is 

acted upon by a flat coaxal coil of much larger radius, whose mean plane coincides 

with that of the lower extremity of the solenoid. If the solenoid is uniformly wound, 

it is equivalent to a simple magnet, whose poles are condensed at the terminal faces. 

The electromagnetic action then depends upon (M — M0), where M is the coefficient 

of mutual induction between the fixed coil and the lowest winding of the solenoid, 

and M0 the corresponding, much smaller, quantity for the uppermost winding. 

This arrangement, though simple in conception, does not appear to us to be the one 

best adapted to secure precise results. It is evident that a large part of the solenoid 

is really ineffective ; those turns which lie nearly in the plane of the flat coil being but 

little attracted, as well as those which lie towards the further extremity. The result 

calculated from the total length of wire (even if this could be trusted), the length of 

the solenoid, and the number of turns, has an appearance of accuracy which is illusory, 

unless it can be assumed that the distribution of the wire over the length is strictly 

uniform. In order to save weight, it would appear that all the turns of the suspended 

coil should operate as much as possible, that is, that the suspended coil should be 

compact and should be placed in the position of maximum effect.| 

§ 5. Neglecting for the time the small corrections of the second order rendered 

necessary by the sensible dimensions of the sections, let us consider the attraction 

between two coaxal coils of mean radii A and a, situated at distance x. If M be the 

coefficient of mutual induction for the central turns, n, n, the number of windings in 

the two coils, i the current which passes through both, the attraction is 

.0 dM 
nn i* — 

ax 

In this expression i2 is already of the dimensions of a force, and M is linear. 

Accordingly clM/dx, though a function of A, a, and x, is itself a pure number, and 

independent of the absolute dimensions of the system. Its value is a question only of 

the ratios a/A, x/A. If we write dM/dx=Trf(A, a, x), and consider the variation of/ as 

a function of the three linear quantities, the coefficients in the equation 

* ‘Electricity,’ § 754. McKichan, PliiL Trans., 1873, p. 425. See also Kohlkausch, Wied. Ann,, 
Bel. xviii., 1883. 

f ‘ Journal de Physique,’ March, 1882. 

+ BA Report, 1882, p. 445. 
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are subject to the relation 

df dk. da 

7 = X A +l*a + 
dx 

v— 
X 

X+p, ~\~v— 0 

(2) 

(3) 

If the coils are placed at such a distance apart that the attraction is a maximum, 

v=0, and the calculation is independent of small errors in the value of x. Under 

these circumstances X+/x = 0, so that proportional errors in A and a affect the result 

in the same degree and in opposite directions. In other words, the attraction becomes 

practically a function of the ratio a/A only. 

To this feature we attach great importance. The ratio of galvanometer constants 

can be accurately determined by the purely electrical process of Bosscha -without 

linear measurement of either, and from this ratio we can pass to that of the mean 

radii by the introduction of certain small corrections of the second order. 

In this way all that is necessary for the absolute determination of currents can be 

obtained without measurements of length, or of moments of inertia, or even of 

absolute angles of deflection. The forces are, however, evaluated in gravitation 

measure, so that the final result requires a knowledge of gravity at the place of 

observation ; but except through this quantity there is no reference to the units of space 

or time. 

§ 6. The final calculation of the attraction is best made with the use of elliptic 

functions ; but useful information, sufficient for a general idea of,the conditions and 

for the design of the apparatus, may be derived from the series developed in Max¬ 

well’s ‘ Electricity,’ § 304. If B, 6 be the distances of two coaxal coils of radii A 

and a from a point on the axis taken as origin, and C~ = A' + B~, we have 

tfM 0AV 
= 77 

db C4 

-p T>2 

1.2.3- + 2.3.4-C3 
iA- 

6 + 3.4.5 
B(B2—jA3) 

C5 
(b»-±a>) + . . (4) 

in which a, 6 are supposed to be small relatively to A, B. If we limit ourselves to 

the first term, which we may do when ajA is small, we see that so far as it depends 

upon the small coil the effect is proportional to the area. The position of maximum 

effect for given coils is found by making B/C5 a maximum, which leads to B = ^-A; so 

that to obtain the greatest attraction the distance of the coils must be equal to half 

the radius of the larger. 

In the present measurements there were two equal fixed coils, one on either side of 

the small coil. If we take the origin midway between, the terms of odd order in 6 

ultimately disappear in virtue of the symmetry, and we may write 

dM 0A2«2 f 

db — 7r'crj 
1.2.3 ? +3.4.5 

B(B3 
(5) 
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There would be some advantage in a disposition of the coils such that B3—|A3=0, 

for then the attraction would be in a high degree independent of the position of the 

suspended coil. In this case 

“=6^X'2138.(6) 

If, on the other hand, we take B3=;jA_3, we find from the first term 

^=6^X‘2862. .  .(7) 

showing a not unimportant increase of effect. To the second order of approximation 

the distance between the fixed coils (2B), corresponding to the maximum effect upon 

a small coil suspended at their centre, is given by 

b=4a(i-a|).(8) 

so that when a2/A2 is sensible the fixed coils should be somewhat closer than when 

a2/A2 is negligible. For the actual apparatus used a2/A2 is very sensible, and the ideal 

state of things was only imperfectly approached. The coils of the dynamometer used 

for the “fixed coils” conform to the relation B3=^A3, and are not adjustable. It will 

be seen later that but little is practically lost by the slight imperfection of the 

arrangements in this respect. 

Formula (7) is sufficient for the preliminary estimate of the attraction to be expected, 

and from (5) we can form an idea of the exactitude necessary in the adjustment of the 

suspended coil. Thus if b be not zero, the correcting factor is, when B = -|A^ 

1-3-2^.(S) 

With the actual apparatus an error in b of one millimetre alters the attraction by 

only AoTooV1 

§ 7. It may be convenient to carry through the rough theory so as to show the 

dependence of the current upon the quantities actually measured. Thus 

Force of attraction =hnn ihvl/A.2, 

where h is written for 67t2X '2862. If the ratio of the galvanometer constants of the 

coils be (3, we have 
«2/A3=/33n/2/«2, 

whence 

F orce = hf3Hhis/n, 

and 

%■= f$~xhrl7irri~*{ Force)4.(10) 
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We may observe that an error in the number of windings, or, which comes to the 

same thing, a defect of insulation, produces a more serious effect in the case of the 

suspended than in the case of the fixed coils. The error in the ratio of the galvano¬ 

meter constants enters proportionately, but the error in the weighings is halved. 

Full details of the coils are given later. It will be sufficient here to say that the 

radius of the large coils is about 25 centims., and that of the suspended coil about 

10 centims. The total number of windings on the fixed coils is 450, and on the 

suspended coil 242. The current usually employed was about ^ ampere, and the 

double attraction was about the weight of one gram.* 

§ 8. The double attraction is spoken of, inasmuch as the readings were always taken 

by reversal of the current in the fixed coils, for which purpose (Plate 17, fig. 1, E) a 

suitable key was provided. The difference of the weights required to balance the sus¬ 

pended parts in the two cases gives twice the force of attraction between the suspended 

coil and the fixed coils, independently of the action upon the former of any other part of 

the circuit, and of terrestrial or other permanent magnetism. The current was supplied 

from about 10 either Grove or secondary cells A, and traversed in succession a rough 

tangent galvanometer D (convenient for a preliminary test of the strength and direction 

of the current), two or more silver voltameters in series C, the suspended coil G, and 

then (of course, in opposite directions) the two fixed coils F. The weights necessary for 

balance (in the same position of the key) alter somewhat, both on account of variation 

in the electric current and also from the formation of air currents, due to a slight 

progressive warming of the suspended coil. By recording the times of each weighing 

we can plot two curves (§ 24), from which we can find what would have been at any 

moment the weighing in either position of the key. The difference of ordinates gives 

us what we should have observed, were it possible to make both measurements 

simultaneously. The whole duration of an experiment was from three-quarters of an 

hour to two hours, measured by a chronometer, and as a weighing could be taken 

about every five minutes there was ample material for the construction of the curves. 

What we require for comparison with the deposited silver is the mean current, whereas 

what we should obtain directly from the curves represents the square of the current. 

The whole interval is divided into periods (usually of fifteen minutes), and the difference 

of ordinates corresponding to the middle of the periods is taken from the curves. 

* The actual apparatus was not adapted to the measurement of currents much exceeding 4 ampere. 

The flexible copper connexions of the suspended coil would take an ampere, but the suspended coil itself 

is unduly heated by the passage of an ampere for more than a few minutes. Had it been desirable to 

use stronger currents, it would, of course, have been possible to do so by increasing the gauge of the wire. 

The grooves in which the wire is wound being given, it is evident that a proportional increase of the 

current and of the section of the wire leave both the heating and the electromagnetic effects unaltered. 

In this way the apparatus might easily be modified, so as to take currents of 3 or 4 amperes, the only 

other changes that would be required being a multiplication of the flexible leading wires, several of 

which might be arranged in parallel. But for the determination of the electro-chemical equivalent of 

silver, the currents actually used were quite strong enough. 
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The mean square root of the numbers thus obtained gives us a result to which the 

rate of silver deposit should be proportional. 

§ 9. The use of a balance for the measurement of electromagnetic attraction involves 

some special arrangements. The suspended coil must in every case be brought 

to rest in its proper position, corresponding to the zero of the pointer of the balance. 

It was found desirable to give the balance a shorter period of vibration than usual, 

and to obtain control over the arc of vibration an auxiliary coil was introduced, 

through which, with the aid of a key, the current from a Leclanche cell could be 

made to pass. By this means a force tending to raise or to lower the suspended parts 

could be brought into play at the will of the operator, who, after a little practice, is 

able to stop the vibrations with very little delay.* The weighings were recorded to 

milligrams only; but the accuracy really obtained was greater than might appear, 

since by anticipating somewhat the change in progress it was possible to note the time 

at which the balance demanded an integral number of milligrams. 

The current was led into the suspended coil by means of fine flexible copper 

wires. To diminish the force conveyed by these to the suspended parts, they were 

bent so as to place themselves naturally in the required positions before the final 

solderings were made. It is important, however, to observe that no assumption is 

made as to the equality of these forces before and during the passage of the current. 

Under its influence the fine wires are no doubt sensibly warmed, but this effect 

and any consequent alterations in the mechanical properties are the same in both sets 

of readings, the only change relating to the direction of the current in the fixed 

coils. 

This point is the more important since the balance is not used in these experiments 

in quite the normal manner. In ordinary weighings there is no force in operation 

upon the pans but gravity, and this vertical force is transferred to the beam. In the 

present application the “ pan ” is not quite free and is subjected to forces which may 

have a small horizontal component. In virtue of the freedom of rotation about the 

knife-edge suspending the j3an, these forces are transferred without change to the 

beam. The horizontal component would, however, produce little effect in any case, 

since in the horizontal position of the beam its direction would pass very nearly 

through the knife-edge supporting the beam. The weights in the other scale-pan 

give rise to a strictly vertical force. We shall thus be doubly secured against error if 

we provide that the force to be measured (due to the reversal of the current in the 

fixed coils) is strictly vertical, and that the horizontal force, if sensible, remains 

unaltered in passing from one direction of the current to the other. These objects 

are attained when the coils are carefully levelled, and when the readings are always 

taken for a definite position of the suspended coil conveying a constant current. 

§10. The suspended coil is wound upon an ebonite ring (§ 13), and is supported by 

* See “ Suggestions for Facilitating the Use of a Delicate Balance.” B. A. Report, 1883, 

MBCCCLXXXIV. 3 H 
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three screws upon a light brass triangle hanging in the balance by a stout copper 

wire. The fixed coils are those of the dynamometer, described in Maxwell’s 

‘Electricity,’ § 725, and in Latimer Clark’s paper (Phil. Trans., 1874, Part I). In 

setting up the apparatus the ebonite coil is first suspended, and the dynamometer 

coils are levelled, and adjusted laterally until concentric with it. This is tested by 

carrying round a metal piece making five contacts with the upper ring of the 

dynamometer, and provided with a pointer just reaching inwards to the circumference 

of the ebonite coil. The piece in question may be described as a sort of three-legged 

stool, standing upon the upper horizontal face of the dynamometer ring and carrying 

below two studs which are pressed outwards into contact with the inner cylindrical 

face of the ring. As the piece is carried round the pointer describes a circle coaxal 

with the dynamometer rings. To level the ebonite ring, the distance is calculated by 

which its upper surface should be below the upper surface of the (upper) dynamo¬ 

meter ring, and a pointer attached to a straight rule is so adjusted that when the rule 

is laid upon its edge along the upper face of the dynamometer ring the pointer should 

just scrape the upper face of the ebonite ring. B}7" applying this test at three points 

the ebonite ring is brought to occupy the desired position. These adjustments were 

made in the first instance by our assistant, Mr. G. Gordon, and subsequently 

examined by ourselves. With a little care the necessary accuracy is attained without 

difficulty, for, it is scarcely necessary to say, all the errors due to maladjustment are 

of the second order. When in use the suspended parts are protected from currents 

of air by a suitable paper casing. 

Examination showed that the insulation of the various parts was satisfactory. 

Twenty-five cells of a De La Rue’s battery failed to show any appreciable leakage 

between the wire and the rings of the dynamometer coils, though the capacity of the 

condenser thus formed was very noticeable. 

§11. The test for leakage from winding to winding of a coil is a more difficult 

matter. The ebonite ring was first wound on August 9, 1882, and its galvanometer 

constant was compared with that of one coil of the dynamometer by Mr. J. M. 

Dodds. The result agreed very ill with the measurements taken during the winding, 

and led to the suspicion that several turns were short-circuited by a false contact. 

The matter was put to a further test in two ways. A second coil of the same 

dimensions was wound with the same number of turns; and the two coils were 

placed co-axally close together, and so connected in series that a current would 

circulate opposite ways. The circuit was completed by a galvanometer of long 

period. Under these circumstances when one pole of a very long steel magnet is thrust 

suddenly through the opening, there should be no effect observable if the insulation 

is good; but if any of the turns of one of the coiJs are short circuited the ofher coil 

will of course have the advantage, and the galvanometer will indicate a current in the 

corresponding direction. It was found in fact that the second coil preponderated, and 

that 13 extra turns had to be put upon the first coil to obtain the balance. With 
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proper precautions this method of testing seems satisfactory, being approximately 

independent of the equality of mean radii of the coils compared. 

A second test was suggested and executed by Mr. Glazebrook, The two coils 

retaining a fixed position, the ratios of the self-inductions of each to the mutual in¬ 

duction of the pair were determined by Maxwell’s method.* These ratios, which 

should have been nearly equal, were found to differ considerably in the direction which 

showed a deficiency in the self-induction of the ebonite coil. 

After this it was no longer doubtful that the coil was defective. In unwinding it 

more than one bad place was detected, although the original winding had been carefully 

done under our own eyes. The ring was rewound with fresh wire on Nov. 30, 1882 ; 

and we were so much impressed with the necessity of a thorough check upon the 

insulation that we devised a delicate test similar, as we afterwards found, to one that 

had already been successfully used by Graham Bell.1 Four similar coils of fine wire, 

wound upon wood, and of the same mean diameter as the ebonite coil, were arranged 

so as to form a Hughes induction balance. The lower coils form a primary circuit, 

and are connected with a microphone clock or other source of variable current. The 

upper coils and associated telephone form a secondary current. The distance between 

the upper and lower coils is such as to allow the insertion of the ebonite coil between 

them, suitable support being provided for it to guard against displacement of the 

principal coils. If the distances of the four coils are adjusted by screw-motions 

to an exact balance, so that no sound is audible in the telephone (held at some 

distance away), the introduction of a tertiary circuit between one primary and 

secondary causes a revival of sound whose intensity depends upon the conductivity, 

&c., of the tertiary circuit. If the tertiary circuit consists of a single turn of wire, such 

as that on the ebonite ring, the sound heard is quite loud, and remains audible when 

a resistance of about 1 ohm is included. A single circlet of copper wire ‘004 inch 

diameter gives a very distinct sound. When the ebonite coil, with ends unconnected, 

is introduced, the sound is audible, but much less than that from the fine copper circlet. 

Part of this effect may be attributed to its finite capacity as a condenser, in virtue of 

which sound might be heard in any case ; but it is probable that the insulation is in 

reality somewhat imperfect. The closing of the circuit through a megohm gives a 

distinct augmentation of sound; and thus it is evident that the insulation, if not 

perfect, is at any rate abundantly sufficient for the purposes of the present 

investigation. 

The current weighing apparatus was set up in February, 1883, and worked satis¬ 

factorily from the first. Apart from errors in the constant of the instrument, the 

* ‘ Electricity,’ § 756. 

t “Upon tie Electrical Experiments to Determine the Location of the Bullet in the Body of the late 

President Garfield,” &c. A paper read before the American Association for the Advancement of Science, 

August, 1882. 

3 H 2 
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determination of the mean value of a current of (say) half an hours duration should 

easily be correct to to.ouTj- 

The fixed coils. 

§ 12. These are the coils of the dynamometer constructed by the Electrical Com¬ 

mittee of the British Association (see § 10). The mean radii of the two coils and 

the dimensions of the sections are very nearly identical, and for our purpose it is 

unnecessary to note anything but the mean. The following are derived from the 

dimensions recorded in Professor Maxwell’s handwriting in the laboratory note¬ 

book :— 

A=mean radiusc=24-81016 

2B = distance of mean planes =25-00 

2/i=radial dimension of section = 1 *29 

2h=axial.=1‘50 

the unit in each case being the centimetre. 

The number of turns of wire on each coil is 225. 

The above values are those employed in the calculations of the present investigation, 

and they can be only partially verified without unwinding the wire. Owing, however, 

to the final result being comparatively independent of A and B, even a rough 

verification is not without value. The distance parallel to the axis from outside to 

outside of the grooves in which the wire is wound can be found pretty accurately with 

callipers, and was determined to be fO'433 inches. From inside to inside of the 

grooves the corresponding distance was 9’252 inches. The mean of these is the 

distance of mean planes, which is thus 9'8425 inches, or 25'000 centims. exactly. 

This element is, therefore, verified with abundant accuracy. The half difference of 

the two numbers above given represents the axial dimension of the section, and comes 

out P5024 centims., practically identical with 1’50 centims. The mean radius and 

the radial dimension of the section are not now accessible to measurement, but the 

outside circumference agrees sufficiently well with that calculated from the recorded 

dimensions to serve as a verification. 

The number of turns has to be taken entirely upon trust; but the use of the 

method given in Maxwell’s ‘Electricity,’ § 708, makes a mistake in this respect 

very unlikely. Moreover, the electrical comparisons to be detailed later (§ 14) verify 

the equality of the number of windings on the two coils. 

The resistance of each coil is about 14^ B.A. units, and both coils are well insulated 

from the frame on which they are wound. 
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The suspended coil. 

§ 13. This consisted of 242 turns of copper wire insulated with silk saturated with 

paraffin wax, and was wound upon an ebonite ring supplied by Messrs. Elliotts. 

The weight of the ring was 135 grms., and its section is shown full size in the adjoining 

figure (Plate 17, fig. 2). The weight of the wire was 440 grms., so that the total weight 

to be carried in the balance was about 575 grms. The mean diameter of the coil of wire, 

as determined from the inside and outside circumferences, was 8'090 inches; but it cannot 

be so determined with sufficient accuracy, and the result is not used in the calculation. 

It agrees perhaps about as well as could be expected with that deduced electrically by 

comparison with the large coil. 

The radial dimension of the section (2h')= '9690 centim. 

The axial.(2F) = 1'3843 centims. 

The difficulties experienced in respect of the insulation, and the tests applied, have 

already been related (§ 11). 

The electrical comparison of radii (§ 14) gave for the ratio of the dynamometer 

radius A to that of the suspended coil a 

2-42113, 
whence 

a—10'2473 centims. 

The mean radius thus determined is not necessarily that corresponding to the 

geometrical centre of the section, as it allows for any inequality in the distribution of 

the windings. 

The resistance of the coil is about 10^ ohms. 

Determination of mean radius of suspended cod. 

§ 14. 1'his quantity cannot be determined advantageously by direct measurement, 

but its ratio to that of the large coils can be deduced from the ratio of the galvano¬ 

meter constants of the coils, and this ratio can be accurately determined by the electrical 

method introduced by Bosscha.* 

It may be shown! that for all purposes we may take the mean radius and mean 

plane of a coil to correspond with the circle passing through the centre of density of 

the windings. If the windings are distributed with absolute uniformity, this point 

coincides with the geometrical centre of the section; otherwise there may be an 

appreciable distinction. The corrections of the second order, which in consequence of 

the finiteness of the section must be introduced in calculating the effects of the coil, 

have the same values as if the density of the windings were absolutely, instead of 

merely approximately, uniform. 

* Pogg. Aun., 93, p. 402,1854. 

f Camb. Phil. Proc., Feb. 12, 1883. 
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For example, the galvanometer constant GL is related to the mean radius A 

(as above defined) and to the radial and axial dimensions of the section, 2h, 2k, 

according to* 

G>-i 1+*A> 

If, therefore, we can determine for two coils the ratio of galvanometer constants, it 

is a simple matter to infer therefrom the ratio of mean radii. 

In Bosscha’s method the two coils to be compared are arranged approximately in 

the plane of the magnetic meridian, so that their axes and mean planes coincide, and 

a very small magnet with attached mirror is delicately suspended at the common 

centre. If the current from a battery be divided between the coils, connected in such 

a manner that the magnetic effects are opposed, it is possible by adding resistances to 

one or other of the branches in multiple arc to annul the magnetic force at the centre, 

so that the same reading is obtained whichever way the battery current may circulate. 

The ratio of the galvanometer constants is then simply the ratio of the resistances in 

multiple arc. 

To obtain this ratio in an accurate manner, the two branches already spoken of are 

combined with two standard resistances so as to form a Wheatstone’s balance. Of 

these resistances both must be accurately known, and one at least must be adjustable. 

The electromagnetic balance is first secured by variation of the resistance associated 

with one of the given coils, which resistance does not require to be known. During 

this operation the galvanometer of the Wheatstone’s bridge is short-circuited. 

Afterwards the galvanometer is brought into action, and the resistance balance is 

adjusted. The ratio of the galvanometer constants is thus equal to the ratio of the 

known resistances. The two adjustments may be so rapidly alternated as to eliminate 

any error due to changes of temperature in the copper wires. 

The above comparison was carried out for each of the two coils of the dynamometer, 

and the coil wound on the ebonite ring, called for shortness the ebonite coil. On 

account of the smallness of the latter some care is necessary in the adjustments, which, 

however, do not require to be described in detail. It will be sufficient to refer to the 

description of the adjustments when the ebonite coil was suspended, and to mention 

that the errors arising from maladjustment (all of course of the second order) could 

hardly affect the final ratio by more than TotoTTo• The length of the magnet was 

inch, and the error due to neglecting it could not exceed xoaToo- To the magnet 

was attached a light silvered glass mirror, such as are employed in Thomson’s galva¬ 

nometers, and it was protected from air currents by a glass cell. The readings were 

taken by observing the motion of a spot of light thrown upon a scale in the usual way. 

The electrical connexions are shown in the adjoining figure (Plate 17, fig. 3). The 

current from a large Daniell cell A, after passing the reversing key B, divides itself 

* See Maxwell’s ‘ Electricity,’ § 700. 



ELECTRO-CHEMTCAL EQUIVALENT OF SILVER. 423 

at C between the brass coil of the dynamometer D and the ebonite coil E. The 

remaining terminals of these coils are led into mercury cups F and H, into which also 

dip the terminals of the bridge galvanometer g. With the ebonite coil is associated 

a resistance box N. The other branches of the balance were (in one arrangement) 

composed of a coil of 10 units in multiple arc with which was placed a high resistance 

box K, and three coils combined in series whose values were about 24, 1, 1 units, making 

together 26. All these coils were of the standard pattern, and their values had been 

already carefully determined. From the cup L the current passed back to the key B. 

The high resistance box K gives a line adjustment by which the ratio of resistances 

can be brought to the required value. The smallest resistance actually used here was 

4000 units. While the electromagnetic balance was under observation a horse-shoe 

piece of stout copper rod P, connected with the key as shown in the figure, was inserted 

in the cups F, H. By this means these cups are brought accurately to the same 

potential, and nearly all the current is diverted from the standard resistance coils. 

The determination of the electromagnetic balance is rendered more troublesome by 

the fact that the first motion of the magnet on the reversal of the current is influenced 

by induction, and cannot be used as a test. No attempt was made actually to com¬ 

plete the adjustment, but by preliminary trials resistances from N differing by about 

yq unit were found, such that the effects observed were reversed in passing from one 

to the other. From the magnitude of these effects the required result is obtained by 

interpolation. At the beginning and end of a series the two ratios of resistances were 

determined by use of K, the horse-shoe P being of course withdrawn; and the mean 

of the initial and final values (which usually differed extremely little) was employed 

in the reduction. 

As an example, we may take some observations on Sept. 5, 1883, with the coil of 

the dynamometer marked B. The difference of readings on reversal of the battery in 

a given manner was taken alternately with certain resistances from N, which we may 

call a and b. The results were 

with a -j- ‘7, + ’3, +1*3, +I'0 mean + '8 ; 

with b —8'4, —8'4, —8'5, —9‘5 mean —8’7. 

Now with a the resistance from K, associated with the [10], and necessary for the 

resistance balance, had to be such that (at a standard temperature) the resultant 

resistance of this branch was 9*97772 ; while with b the resultant resistance had to be 

9'99182. The resistance that would have been required here, if N had been accurately 

adjusted for the electromagnetic balance, is thus 

9-97772-f ~ X -01410 = 9-97890. 
iro 
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The resistance in tbe other branch was 25’95648, so that the ratio of galvanometer 

constants is determined to be 

25’95648/9’97890 = 2’60113. 

It will be seen that even with a single cell the sensitiveness was such that the errors 

of reading could scarcely exceed TblVool indeed, the weakest part of the arrangement 

is in the standard resistances. 

With use of the above resistance coils the values obtained for coil B on three 

occasions were 
2’60087, 2-60098, 2-60113, mean 2-60099. 

As a further check, the experiment was repeated with a different combination of 

resistance coils. The 26 was replaced by 13. made up of three singles and of the 

same [10], while the [10] was replaced by a [5]. Two experiments gave 

2-60046, 2-60026, mean 2-60036. 

The mean result of the two arrangements is thus 2"60067. The difference is about 

Tob'oj and would be explained by an error of -§0\>0- in the value of the [1 ()].'" 

For coil A of the dynamometer the ratio of galvanometer constants was found in 

like manner to be 2‘60072, the close agreement of which -with 2-60067 is a verification 

of the winding and insulation of the coils. For the further calculations we require 

only the mean, and we therefore take as the ratio of galvanometer constants for the 

ebonite coil and a coil of the dynamometer 

2-60070. 

The accuracy obtained in the above determinations is doubtless quite sufficient for tbe 

purposes of the present investigation, but if it were desired to push the power of the 

method to its limit it would be necessary to design tbe coils so that tbe ratio should 

be (approximately) expressible by very simple numbers. If in the present case, for 

example, we were content to sacrifice one-fifth of the number of turns on the ebonite 

coil, the ratio could be made to approach that of 2 : 1. Tbe standard resistances might 

then be composed of three equal resistance coils, which could be more accurately 

combined and tested than the more complicated combinations that we were obliged to 

use. In such a case the limit of accuracy could probably depend upon the difficulty 

of adjusting the coils under comparison and the suspended magnet to their proper 

places. It is scarcely necessary to say that care must be exercised in the disposition 

of tbe leading wires, and that the direct action of the current in the principal coils 

upon the needle of the bridge galvanometer must be tested, and, if necessary, allowed 

for. 

* Eor the methods used to find the values of the [24], Ac., reference must be made to former papers. 
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We have now to deduce the ratio of mean radii. For the ebonite coil the correcting 

factor is 
h'~ k'2 

1 +i—~l—= 1 -f '000741 --002269. 
cr * a2 

For the dynamometer coil 

+-000225--000457. 

Thus 
A 

= fff X 2-60070 X 1 -001296 = 2-42113 ; 

and from this when A is known the value of a can be deduced (§ 13). 

Calculation of attraction. 

§ 15. The attraction between two coaxal circular currents of strength unitv, of 

which the radii are A, a, and distance of planes is B, is (Maxwell, § 701) 

7tB sin 7, 

\/(A«) c 
2Fy-(l + sec3 y)Ey} (1). 

where Fy and Ey denote the complete elliptic integrals of the first and second kind 

whose modulus is sin y. The value of sin y itself is 

sin y— 
2 y/(Aa) 

\/{(AT «)2 + B2} (2). 

The functions Fy and Ey were tabulated by Legendre. In an Appendix (p. 455) will 

be found a table of 

sin y {2Fy—(1+sec3 y)Ey}.. (3), 

calculated with seven figure logarithms from those of Legendre for the purpose of the 

present and similar investigations. It has been carefully checked, and it is hoped is 

free from error, except of course in the last place. 

The value of (1), with omission of the factor 7r, is denoted by f(A, a, B), and, as has 

already been explained, it is a function of no dimensions. To calculate it for the 

central windings of the fixed and suspended coils, we have first to find y from (2). 

With the data already given y=58° 57y-f§ whence with use of the table 

/(A, a, B) = l*044576. 

This multiplied by 77, by the product of the numbers of terms in the two coils, and by 

the square of the strength of the current, gives very nearly the force of attraction, but 

MDCCCLXXXIV. 2 1 
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a correction is required for the finite dimensions of the sections. The quadruple 

integration over the two areas may be effected by suitably combining various values 

of f corresponding to the central turn of one section and to the middle of one of the 

linear boundaries of the other. (See Maxwell’s ‘Electricity,’ 2nd edition, § 706, 

Appendix II.) We find 

f(A + h,ci,B) = -9927191 

f(A—h, a, B) =1-098740J 
sum 2’091459 

/(A, a Ah', B)= 1-1585761 

/(A, a—li, B) = -937866] 
sum 2 "096442 

/(A, a, B + £) =1-0246121 

/(A, a, B—Jc) =1-059526] 
sum 2-084138 

/(A, a, B+F) = 1-0263061 

/(A, a, B—//) = ] -058569 J 
sum 2-084875 

The sum of the eight values is 8-356914. From this we subtract 2 Xf(A, a, B), viz., 

2"089152, and divide by 6; whence for the mean value of f applicable to the sections 

as a whole 

/= 1-044627, 

differing, as it turns out, extremely little from/"(A, a, B). 

From the values given we see that f increases very sensibly as B diminishes, so 

that, as was expected, the distance between the fixed and the suspended coil, or 

between the two fixed coils, is too great to realise fully the advantageous condition 

of things described as the ideal, in wdfich f would be approximately independent of 

variations in B. 

To express the actual variations of f as a function of A, a, B, we write 

<v= 
f 

dA da dB 

and we obtain sufficiently accurate values of X, /x, v from those of f already given. 

Thus 

f(A + h, a, B)— /(A—h, a, B) 

/(A, a, B) 

■2h 

A 
= -1-95. 

In like manner /x= + 2"23, v= — "28 ; so that 

dB 

B* 
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In the present investigation, however, a is not measured directly, but by comparison 

with A. If we write a/A = a, so that 

da da dA 

a a A ’ 

and eliminate da/a, we have 

dl. 

f 
da dA 

2-23 —+-28-r —-28 
« A 

dB 

TP 

which is the equation by which the suitability of the proportions is to be judged. It 

will be seen that the stress is thrown upon the measurement of a, and that the errors 

of A and B enter to the extent of only about one quarter. If the proportions had 

been those described as ideal, the coefficients of dA/A and cZB/B would have been zero. 

It must not be forgotten that the error of f itself is halved in the final result, 

which thus involves the errors of A and B only after division by 8. 

If the current be i, and the number of turns in the fixed and suspended coils n, n, 

the attraction or repulsion is measured by 
/ *0 /» 

7rim ly. 

This is expressed in absolute units. To find the value in gravitation units we must 

divide by g. If m be the observed difference of weights in air necessary to counter¬ 

poise the suspended coil when the current is reversed in the fixed coils, 

Trnn'if—\ mgX '99986, 

the last factor representing the “ correction to vacuum ” rendered necessary by the 

finite density of the brass weights. 

The value of g at Cambridge is taken to be 981'2282. Introducing this and the 

numerical values of n, n, f already given, we find 

when 
Z — jX -y/fi n, 
^=•0370484. 

The silver voltameters. 

§ 16. The arrangement adopted for the voltameters is similar to that recommended 

originally by Poggendokff. The deposits are formed upon metallic basins (usually of 

platinum) charged with a neutral 15 per cent, solution of pure silver nitrate. They 

are prepared by careful cleaning with nitric acid and distilled water with subsequent 

ignition. After complete cooling in a desiccator, they are weighed to yg- milligrm. 

m a delicate balance with trustworthy weights. The anode, by which the current 

enters the voltameter, is formed of fine silver sheet, suspended by platinum wire in 

2 i 2 
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a horizontal position near the top of the solution. In order to protect the kathode 

from disintegrated silver, which in our experience is invariably formed upon the anode, 

the latter is wrapped round with pure filter paper, secured at the back with a little 

sealing-wax. This arrangement appears to us for several reasons preferable to the 

vertical suspension of the electrodes in the form of flat plates. In the latter arrange¬ 

ment the deposited metal usually aggregates itself upon the edges and corners of the 

kathode with a tendency to looseness. Again the solution rapidly loses its uniformity. 

At the kathode the solution becomes impoverished and at the anode it becomes 

concentrated. With vertical plates the strong solution soon collects itself at the 

bottom, and the weak solution at the top, so as to give rise to considerable variation 

of density. It is true that the horizontal position of the electrodes necessitates the 

use of a porous wrapping, which would increase the difficulty of determining the loss 

of weight at the anode. M. Mascart appears to have succeeded in determining this loss, 

but the disintegration which we have always met with rendered the attempt on our 

parts hopeless. It is possible that something may depend upon the mechanical con¬ 

dition of the metal, but as to this we cannot speak with confidence. The blackish 

powder left upon the anode has at first the appearance of being due to chemical 

impurity, but it occurs with anodes of the highest quality of silver, and is completely 

soluble in nitric acid. 

In our earlier trials, dating from October, 1882, we were much impressed with the 

importance of obtaining sufficient coherence in the deposit to guard against risk of 

loss in the washing and subsequent manipulations. The addition of a very small 

proportion of acetate of silver was found to be in this respect a great improvement, 

affording a deposit less crystalline in appearance and of much closer texture ; and in 

consequence nearly all our experiments during the first year were conducted with 

solutions containing sensible quantities of acetate. In order to detect whether 

anything depended upon the “ density ” of the current, two platinum basins of 

different sizes were employed, the area of deposit being in about the proportion 

of 2 : 1, but no distinct systematic difference was observed. When the deposits were 

completed the basins were rinsed several times with distilled water, and then allowed 

to soak over night. The next day after more rinsings they were dried in a hot ah' 

closet at about 160° 0, and after standing over another night in a desiccator were 

carefully weighed. Repetition of these weighings after intervals of standing in the 

desiccators showed that they were correct to milligrm., so that as the total weights 

of deposit amounted to 2 or 3 gratis., a high degree of accuracy in the final evaluation 

of the ratio of deposit to current was expected. Discrepancies, however, presented 

themselves of an amount much greater than we had been prepared for, and they 

were of such a character as to show that the disturbing causes were to be sought in 

the behaviour of the voltameters and not in the current weighing apparatus. Thus it 

was found that the numbers obtained on the same occasion from the two voltameters 

in series, through which exactly the same quantity of electricity had passed, were 
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liable to as great a disagreement as the numbers derived from experiments on 

different, days. 

§ 17. At this stage the question presented itself as to whether the deposits were 

really pure silver. Two or three gravimetric analyses by conversion into chloride, 

conducted both by ourselves and by Mr. Scott, to whose advice and assistance we 

have been constantly indebted throughout these investigations, having favoured the 

idea that the deposits were not quite pure, we arranged for a systematic volumetric 

analysis of all the deposits. The bulk of the metal after solution in pure nitric acid 

having been thrown down with a known quantity of chloride of sodium in strong 

solution, the titration was completed with weak (toVo) sa^ solution from a burette in 

the usual manner. The bottle containing the solution was enclosed in a dark box 

and lighted in the manner recommended by Stas, with a convergent beam of yellow 

light which had passed through a flask containing chromate of potash. Towards the 

close of the operation the effect of the addition of two drops of solution (containing x^ 

milligrm. of salt) becomes difficult of observation unless the liquid be very thoroughly 

cleared. At this stage we found it convenient to filter off about half the liquid into 

another bottle, through a funnel plugged with (purified) cotton wool. As soon as the 

pores are penetrated by the chloride of silver the filtration is effective, and yet so 

rapid that but little time is lost by the adoption of this procedure. The two drops 

of chloride solution are added to the liquid thus filtered, and shaken up so as to effect 

a complete mixture, and the bottle is then placed so that the cone of light traverses 

the body of the liquid. After an interval varying from a few seconds to several 

minutes the cloudiness develops itself, and the delay gives an indication of how nearly 

the point is approached. Before each test the filtrate is of course returned to the 

stock bottle and thoroughly shaken up. The operation is complete when the last 

addition of two drops gives no effect after a quarter of an hour. There is no diffi¬ 

culty in determining in this way the necessary quantity of salt to xy milligrm., and 

the point may be recovered any number of times after addition of small known 

quantities of silver. 

In the interpretation of the results we placed no trust in the purity of the NaCl, 

nor depended upon any assumption as to the ratio of NaCl to Ag, but made com¬ 

parison with the numbers obtained from precisely similar determinations with substi¬ 

tution for the electro-deposits of equal weights of silver of the highest quality, supplied 

by Messrs. Johnson and Matthey. A large number of such comparisons showed 

that there was no difference that could be depended upon between the two kinds of 

silver; there was, indeed, a slight indication of inferiority in the deposits, to the 

extent of perhaps xoVij, but not more than might plausibly be attributed to the greater 

risk of loss in dissolving the deposits from off the platinum basins. The standard 

silver was dissolved without transference in the bottle used for the subsequent 

analysis, and thus under more advantageous conditions than were possible in the 

manipulation of the deposits. 
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§ 18. Table I. (p. 437) gives the results of a laborious series of determinations 

made with solutions containing more or less acetate. It will be seen that up to 

August 16 the numbers in the final column are fairly concordant, and they rather 

narrowly escaped being accepted as satisfactory. In the month of November, however, 

the experiments were continued with a fresh stock of depositing solution (probably 

containing less acetate), when a systematic change became apparent in the direction of 

smaller deposits. From the first we had taken, as we thought, full precautions to 

secure adequate washing out of the silver salt, and special experiments had proved 

that the weights were not appreciably changed by further washing with pure water, 

or by resoaking in the depositing solution with a second washing and drying conducted 

like the first. Nevertheless the appearance of the deposits under the microscope was 

such as to suggest a doubt whether a complete elimination of the salt from its pores 

was possible with any amount of washing, and the evidence of the analyses was felt 

not to be decisive, inasmuch as the deficiency to be found in this way would correspond 

to only about one-third of the weight of salt actually present. According to this view 

the diminution in the weight of the deposits after August 16 was due to a more 

complete washing out of the salt, rendered possible by the more open texture of the 

deposits, and we proceeded to test the behaviour of pure nitrate solutions. The result 

was a further small, but distinct, diminution in the weights, as shown in Table II., and 

we were now convinced that the use of acetate had been a great mistake, costing us 

six months’ almost fruitless labour. When the deposits are taken upon the concave 

surface of a bowl they are coherent enough for convenient manipulation without the 

aid of acetate. The danger of retention of salt or other impurity is far greater than 

of loss of metal, and this danger is aggravated by the acetate. Indeed it would be 

scarcely too much to say that the danger is converted into a certainty, for from the 

fine pores of these deposits it seems almost impossible to remove the salt effectually. 

It is evident that, in spite of the retention of a small quantity of salt, a satisfactory 

conclusion might be reached were there anv means of estimating its amount. Theo- 

retically the analysis for silver, as many times effected, is adequate to this purpose, 

since the difference of the total weight of the (impure) deposit, and of the metal found 

on analysis, would represent the N03 of the salt. But the circumstances are so dis¬ 

advantageous that no satisfactory result could be looked for without an extraordinary, 

and perhaps impossible, perfection of manipulation. A direct test for nitric acid is not 

applicable ; but at a sufficiently high temperature the silver nitrate would be decom¬ 

posed, so that the loss of weight incurred on heating to redness (after previous 

thorough drying at, say, 160° C.) would represent the N03. Unfortunately this method 

is difficult to carry out thoroughly without injury to the platinum basins, inasmuch as 

silver and platinum begin to alloy at a red heat- But an exposure for five minutes to 

a heat just short of redness does not seriously damage the basins, and appears to be 

nearly, if not quite, sufficient to drive off the last traces of N03. With a pure nitrate 

depositing solution, and with the treatment for elimination of the salt presently to be 
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described, there was sometimes no loss on heating (Table II.), but perhaps more often 

the balance indicated a loss of one or two-tenths of a milligram. With respect to the 

interpretation of this, it is difficult to say whether or not it ought to be regarded as 

due to traces of salt retained in spite of all the washings. If so, the true weight of 

deposit is smaller still by nearly twice the apparent loss; but it is very possible that 

there may be traces of grease liable to be burnt off at a red heat, so that the loss in 

question cannot with confidence be attributed to nitrate. On this account the real 

amount of the deposit remains somewhat uncertain to nearly half a milligram. 

With respect to the procedure best adapted to eliminate the salt from the pores of 

the deposit, it is evident that the difficulty is to cause any displacement of the liquid 

in the interior. It was thought that this object might to some extent be attained by 

rapid alternations of temperature, and for this purpose the basins were (after thorough 

rinsing) passed backwards and forwards between cold and boiling distilled water. 

Recourse was had also to soaking in alcohol, somewhat diluted. Still wet with the 

alcohol, the basins were plunged into boiling water with the idea of promoting dis¬ 

turbance inside the cavities of the deposit. After a course of treatment of this kind 

the basins were filled and allowed to stand over night so as to give free play to diffusion. 

They were then rinsed a few times, and placed in the air closet to be dried at 160° C. 

§ 19. In order to meet the difficulty of the alloying of silver and platinum at a 

temperature high enough to decompose with certainty the last traces of silver nitrate, 

we made, at the suggestion of Professor Dewar, several attempts to replace platinum 

by silver bowls. One evident objection to the silver is the impossibility of removing 

the deposit with nitric acid, so as to restore the original condition of the bowl. But a 

more serious difficulty arises from the want of constancy in the weight of a silver 

bowl (without deposit) when strongly heated. On more than one decision a gain of a 

milligram or two was observed after heating in a porcelain basin over an alcohol flame. 

We have reason to believe that this effect depends upon the presence of traces of 

copper. In order to test the question we carefully cleaned and dried at 160° a piece 

of the highest quality of silver, such as was used latterly for the anodes. The weight 

was now 28'1628, and after heating to redness for a quarter of an hour over a naked 

alcohol flame fell to 28H619, On another occasion a loss of 2 milligrms. was observed 

under similar circumstances. On the other hand, a parallel experiment with a less 

pure sample of silver, known to contain a small quantity of copper, gave after the 

first heating to redness a gain of 3 milligrms., followed by a further gain of 

2 milligrms. after a second heating. 

These changes are, however, insignificant compared to that observed by Mr. Scott, 

who heated one of our large silver basins in a porcelain bowl for a long time over a 

Bunsen gas flame. After two nights treatment the weight had risen from 57'3008 

to 57'4521. Mr. Scott traced the increase in his case to the formation of silver 

sulphate, but it does not appear possible that this can be the explanation of the 

changes observed by us. The matter appears worthy of the further attention of 
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chemists; but for our purposes the conclusion is that, for the present at any rate, 
platinum is preferable to silver. With suitable precautions, the platinum basins may 
be heated to redness without changing more than ^g milligrm. 

§ 20. In some of our later experiments (e.g., those on January 30, April 2) we 
included a voltameter, charged with a higher proportion of acetate, in order to 
exaggerate the errors that we had met with, in the hope of better detecting then' 
origin. When the nitrate solution is nearly saturated with acetate, the deposit is 
of a beautiful snow-white appearance, and almost always 5 or 7 milligrms. too heavy. 
On the second weighing, after heating to the verge of redness, a loss revealed itself, 

whose amount usually agreed fairly well with the view that the original excess of 
weight was due to nitrate, reduced to metal by the second heating. 

§ 21. In the hope of obtaining better evidence as to the cause of the anomalous 

weights, and also with the view of confirming our results by the substitution for 
nitrate of some other salt of silver, we have made several observations on deposits 
from chlorate of silver. The salt was prepared for us by Mr. Scott from chlorate of 

barium, and was found to give as good deposits as the nitrate. The chlorate was 
used in a nearly saturated 10 per cent, solution,* and also in a 5 per cent, solution. 

Voltameters charged with nitrate were included in the same circuit, so that the 

comparison was made under the most favourable condition. The results (Table II.) 
show an exceedingly good agreement, and constitute perhaps the most accurate 
verification which Faraday’s law of electrolysis has as yet received. 

But the second object which we had in view in using the chlorate has not been 
attained. The idea was to get a too heavy deposit by addition of acetate, and then 

after washing and weighing as usual, to dissolve up the metal with nitric acid and test 
for chlorine. If chlorate were present, and were the cause of the excessive weight, 
it should on strong heating be resolved into chloride, whose presence might be 
detected. Preliminary experiments showed that as little as -^g- milligrm. of silver 
chloride could be rendered evident. The deposits were dissolved in nitric acid, and 
strongly supersaturated with pure ammonia. After standing for some time with 
frequent stirring, the solution was diluted, and again rendered acid with nitric acid. 

The deposits from chlorate, which we had reason to regard as pure, stood the test 
almost perfectly, the amount of chloride of silver present being less than -Jg- milligrm. 
If one drop of the dilute NaCl milligrm.) were added to the solution in its alkaline 

condition, the cloud formed on acidification was perfectly evident after a minute or 
two when examined in Stas’ box. When a piece of fused silver chloride weighing 
3 milligrms. was added to the alkaline solution, it dissolved after about half an hour, 

and gave a dense milkiness on addition of nitric acid. 
The application of this method to deposits from chlorate and acetate, which the 

* The tendency to crystallise upon the anode is an objection to the use of the strong solutions, and 

probably makes itself the more felt in consequence of the paper wrapping, which impedes the free 
circulation of the liquid. 
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balance showed to be several milligrams too heavy, has given the unlooked for 

l'esult that no corresponding quantity of chloride was present. Something more 

than a mere trace was indeed detected, but of amount probably not exceeding 

^ milligram The deposit from chlorate and acetate of April 2, and another which 

does not appear in the table as the current weighings were not taken successfully, 

in which the excess was about 7 milhgrms. were both treated in this way with similar 

results. The loss of weight on strong heating appears to exclude the supposition 

that though chlorate was present it escaped decomposition, and thus we seem almost 

driven to the conclusion that the redundant matter is principally acetate, although 

the proportion of acetate to chlorate in the solution is a small one. 

§ 22. We have had occasion to examine another point relating to the chemistry of 

electrolysis, of which the result may here be recorded. In our earlier experiments we 

used anodes containing an appreciable quantity of copper. The copper evidently 

tended to accumulate in the solution, becoming after a time apparent by its colour 

even when neutral; on addition of ammonia a distinct blue was struck. We were 

desirous of ascertaining whether under these circumstances there is danger of the 

deposits becoming contaminated. A distinctly blue solution was prepared, in which 

the proportion of copper to silver was considerable, and a deposit made. The texture 

was very much modified by the action of the copper, and the appearance was such 

that it was difficult to believe that the weight could be more than a small fraction of 

that of the simultaneous deposit from a pure silver solution. Some of the metal, 

which adhered very loosely, was lost in the washing, but the weights agreed to within 

a few milligrams. On dissolution in nitric acid and supersaturation with ammonia the 

solution showed no trace of colour, although about jotVoo °f copper can thus be 

detected. 

§ 23. In the absolute measurements the determination of the interval (never less 

than three-quarters of an hour) between the first passage of the current through the 

voltameters and its final cessation could readily be effected with sufficient accuracy 

(probably to touToo)> but a slight correction is called for in order to take account of 

the loss of time incurred at each operation of the reversing key, which controlled the 

direction of the current in the fixed coils (§ 8). To obtain the necessary data for this 

correction the main current was led through a few turns of wire surrounding a reflect¬ 

ing galvanometer. The resulting deflection is independent of the position of the key, 

but at the moment of reversal the current is interrupted, and the spot of light falls 

back towards zero. From a comparison of the amount of this falling back with that 

of the steady deflection, in conjunction with observations of the period of vibration, 

it is easy to deduce the time of interruption. It proved to be less than -y0- second, 

and was so nearly constant that after sufficient experience had been gained further 

observations were judged to be unnecessary. The connexions for this purpose are 

accordingly not shown in the diagram (Plate 17, fig. 1). 

§ 24. In order more fully to explain the procedure in taking a deposit it will be advisable 

MDCCCLXX XIV. 3 K 
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to give the details of one experiment. Thus on March 10, 1884, the current, roughly 

regulated to the desired value with the aid of the tangent galvanometer, was allowed 

to pass through the coils of the current-weighing apparatus for about half an hour. 

The electromotive force of the storage cells (when in good order) remains almost 

perfectly constant during an experiment, hut the gradual warming of the copper con¬ 

ductors causes a slight falling off of current. On the present occasion the preparatory 

current was a little stronger than that ultimately used, so as to produce a slight over¬ 

heating. During this time the three platinum voltameters, previously cleaned and 

weighed, were charged with solution of silver nitrate ; and the pure silver anodes, 

wrapped in filter paper, were adjusted to their places at the top of the licprid. As 

will be seen from Table II., two of the bowls were charged with solution of normal 

strength (15 per cent.), and the other with solution of double this strength. When 

all was ready, the current, previously running along a shunt, was caused to pass 

through the voltameters at 4h 17ra by the chronometer. The weights required to 

bring the pointer of the current-weighing balance to zero, with the corresponding 

times, are given in Table III. In the second column the first number means that at 

Table III. 

Time. Weight. Time. Weight. 

h. m. s. h. m. S. 
4 19 30 7-694 4 25 0 6-795 
4 32 15 7-698 4 40 20 6-791 
4 42 50 7-699 4 50 30 6-790 
4 53 10 7-699 4 56 30 6-789 

5 1 15 6789 

the moment in question the weight required to balance the suspended coil, as acted 

upon electromagnetically, was 7'G94 grms., or rather 577'694 grms., but the 570 grins, 

being never moved need not be recorded. In this position of the reversing key the 

electromagnetic force increased the apparent weight of the suspended coil. The other 

set of readings, in which the magnetic force tended to lift the coil, are given in the 

fourth column. At 5h 2m the circuit was interrupted. 

From the numbers above given two curves are constructed (Plate 17, fig. 4),representing 

what would have been observed in either position of the key during the whole course 

of the experiment. To effect the integration of the current, the whole time, 45ra, is 

divided into nine periods of 5m each, and the magnitude of the current at the middle of 

each period is taken to represent its value throughout the period. A more elaborate 

evaluation could easily have been applied, but was superfluous. The difference of 

ordinates at the middles of the periods gives the difference of weights in the second 

column of Table IV., and the mean of the square roots of these differences, viz. '95171, 

is the square root of the difference of weights corresponding to the mean current. 
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Time. 
Difference 

of 
weight. 

Square root 
of 

Difference. 

h. m. s. 
4 19 30 •897 •9471 
4 24 30 •900 •9487 
4 29 30 •904 •9508 
4 34 30 •906 •9518 
4 39 30 •908 •9529 
4 44 30 •908 •9529 
4 49 30 •909 •9534 
4 54 30 •910 •9539 
4 59 30 •910 •9539 

Mean •95171 

The whole time of deposit was 2700 seconds, but from this a deduction has to be made 

for the time lost in operating the reversing key. The loss of time at each operation 

was found (by a process already described) to be ‘083 second. Thus the actual time of 

passage of the current through the voltameters is to be taken at 

2700 — 7 X *083 = 2699'4 seconds. 

After the deposits had been formed they were washed in the manner already 

described with alcohol and hot and cold water, soaked over night, then rinsed and set 

to dry at 160° C. In the first row of Table Y. will be found the weights of the bowls 

without deposits; in the second the weights after the deposits had been dried at 

160° C. ; in the third the differences representing the weights of the deposits; in the 

fourth the weights of the bowls after heating for about five minutes nearly to redness 

over an alcohol flame ; and in the fifth the weights of the deposits as determined 

from the previous row. 

Table V.-—Deposits of March 10, 1884. 

Large bowl I. 
Pure nitrate. 

Normal strength. 

Small bowl 11. 
Pure nitrate. 

Double strength. 

Small bowl IN. 
Pure nitrate. 

Normal strength. 

Before deposit. 80-4490 17-2985 21-8789 
After deposit, first weighing 81-5138 18-3628 22-9434 
Gain. 1-0648 1 0643 1-0645 
After strong heating . 81-5135 18-3627 22-9433 
Gain. 1-0645 1-0642 1-0644 

Mean 1'0644 grms. 

To obtain numbers which, though of no absolute significance, allow of the com¬ 

parison of experiments made on different occasions, we may divide '95171 (the square 

3 k 2 
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root of the difference of the current weighings) by the amount of silver deposited per 

second. Thus for March 10 we have 

•95171 
. 1-0644 

“2699-4 
— 2413-7 

The magnitude of the current was about '4 ampere, and the areas of deposit about 

37 sq. centims. for the small bowls, and about 75 sq. centims. for the large bowl. 

The whole resistance of the current-weighing apparatus and of the voltameters is 

about 42 ohms, so that sufficient current can be obtained from 10 small Grove cells, or 

from a rather less number of cells of a secondary battery. 

§ 25. The tables in which are embodied the results of these protracted experiments 

will not now require much explanation. Those of Table I. are certainly erroneous on 

account of the presence of acetate (§ IS), and no weight is given to them in calculating 

a final result. For the same reason those deposits in Table II. which were prepared 

from solutions to which acetate had been added for the purpose of investigating the 

nature of the disturbance thereby produced, are of course excluded. The weights 

adopted for the silver deposits are those found after strong heating (nearly to redness) 

for about five minutes, no distinction being made between the deposits from chlorate 

and from nitrate of silver. The final mean 2414'45 expresses the square root of the 

difference of current weighings in grams divided by the rate of silver deposit in grams 

per second. 

If we consider separately the deposits from chlorate of silver (without addition of 

acetate), we get as the mean number corresponding to the above 2414’3, in almost 

perfect agreement. 

The deposits made on March 25 were twice strongly heated with intermediate 

weighing. Similar tests have been applied in other cases not recorded in the tables. 

It should be stated that every determination since November, 1883, in which the 

manipulations were successfully conducted, is included in the table, and that nothing 

is excluded except in consequence of a decision made before the result was known. 

In one or two cases the current was too irregular to give good weighings of the 

suspended coil, and then the observations were not reduced with the view of obtaining 

absolute results, although the comparison of the silver deposits in different bowls 

might still be of interest. This happened on an occasion already alluded to when 

acetate and chlorate of silver were used in combination. 

The results of Table II. agree together about as well as could be expected, the 

extreme difference from the mean being a-gVo- H must be remembered that apart 

from the difficulties of manipulating the silver deposits errors may arise in the 

determination of the current, whose mean value has to be deduced from observations 

relating to only a part of the whole time involved. A small fluctuation in the strength 

of the current, lasting for a short time only, may thus escape detection. There is also 

an error involved in the determination of the time of electrolysis, which may altogether 
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amount to nearly half a second on a total in some cases as low as 2700 seconds. 

When so many experiments are made we must expect the cases to arise in which the 

small errors, due to various causes, are accumulated in the result. 

§ 26. We may now calculate the results of our experiments in absolute measure. 

In the notation of § 15 we have, as the relation between the current i and the differ¬ 

ence of weighings observed in air to, 

where 

iz=jxx/m, 

^='037048. 

If w be the electro-chemical equivalent of silver in C.G.S. measure, viz., the 

quantity of silver in grams deposited per second by the unit C.G.S. current, then 

the rate of deposit by current i is w.i, or Now, by the table this rate of 

deposit is v/m./2414,45 ; so that 

w— 
_1_ 
241445 x ‘037048 

0111794. 

In terms of practical units we have as the quantity of silver in grams deposited per 

ampere per hour 

I-11794X 10~3X3600 = 4°O246. 

The number found by Kohlrausch in his recent experiments is 

w=-011183, 

while that found by Mascart is 

w=-01124, 

The agreement between Kohlrausch and ourselves is perhaps as good as could be 

expected, and would be diminished almost to nothing were we to take in our experi¬ 

ments the weights as found after chying at 160° C., viz., before the strong heating. 

The account hitherto published by Kohlrausch is only an abstract, and does not 

explain how the deposits were treated.! 

§ 27. Considering that the silver voltameter may now be used satisfactorily for 

the standardising of current-measuring instruments, we have made some experiments 

in order to ascertain the limits within which the method is applicable. With regard 

to the strength of the nitrate solution there is considerable latitude when the currents 

are weak, e.g., not exceeding ^ ampere. In such cases a 4 per cent, solution may 

be used satisfactorily in our voltameters. However, for practical purposes at the 

present time the object will usually be to measure stronger currents, and then it is 

advisable to keep the solution up to 15 or 30 per cent- If the solution is too weak in 

relation to the density of current, the deposit has a tendency to looseness, and is 

* ‘Journal de Physique,’ March, 1882. f See Notes. 
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liable to grow up in an irregular manner, so as to meet the anode. In a 3-inch 

platinum bowl such a solution will allow of a current of about 1 ampere for a period of 

an hour. The strongest current which we have been able to use with a single volta¬ 

meter is about 2 amperes, and for this purpose we employed a solution containing 

one part of salt to two parts of water. It is probable that the deposit would have 

deteriorated if the current had been allowed to flow for much longer than a quarter of 

an hour, but in that time an ample amount (about 2 grms.) is obtained. The practical 

conclusion is that currents not exceeding 1^- ampere may be conveniently measured in 

a 3-inch voltameter by using a strong solution, and by stopping the operation after 

about a quarter of an hour. A shorter time than this would hardly allow of 

sufficiently precise measurement when a high degree of accuracy is aimed at. For 

purposes where an error of ^ per cent, is admissible, a duration of five minutes (300 

seconds) would be sufficient, and under these circumstances a stronger current would 

be unobjectionable. 

It will be seen that the application of this method to the measurement of such 

currents as are usually passed through incandescent lamps presents no difficulty, and 

we hope that it may be generally adopted as a control upon the indications of 

instruments depending for their trustworthiness upon the constancy of springs or of 

steel magnets. The anodes should be composed of fine silver sheet (about -§• inch 

thick), such as is sold for five shillings per ounce, and should not approach the sides of 

the bowl too closely, As there need be no waste of metal, the expense of silver as 

compared with copper should not be allowed to stand in the way of its use. For 

practical purposes it will be unnecessary to take some of the precautions which we 

thought incumbent upon us. After rinsing a few times with distilled water the 

deposit may be left to soak for an hour or so, and then after another rinsing dried over 

a spirit lamp. After the lapse of another hour it may be weighed, with a risk of error 

not exceeding a few tenths of a milligram. 

When still stronger currents have to be dealt with, the silver voltameter is less 

convenient. Platinum bowls of large size are not usually met with, but two or three 

may be combined in parallel without much trouble. In one of our experiments the 

same current was passed successively through a single voltameter, and through two 

arranged in parallel. The deposit in the single bowl, thrown down in 13 minutes, 

was 2-2327 grms. Those in the other bowls were P0114 and 1'2215, altogether 

2‘2329, agreeing almost precisely. In this way with three bowls, such as we have 

used, in parallel, there would be no difficulty in measuring currents up to 5 amperes. 

§ 28. The second branch of our subject is the evaluation of the electromotive force 

of standard galvanic cells. Enough has been said as to the means employed for 

measuring electric currents in absolute measure. If a current, after passing the 

current weighing apparatus, is made to traverse a known resistance, it will generate at 

the extremities of that resistance a known electromotive force. By suitably accom- 
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modating to one another the magnitude of the resistance and the strength of the 

current, the electromotive force may be made to balance that of a standard cell, whose 

force is thus determined. The difficulty of the matter relates principally to the 

preparation and definition of the standard cells, and in order to test the constancy of 

the cells it is desirable to extend both the absolute determinations and the comparisons 

of various cells over a considerable range of time. 

Before describing further the arrangements adopted for the absolute measurements, 

it will be convenient to consider the comparisons of E.M.F., which were always made 

by the method of compensation, in order to diminish as far as possible the currents 

actually passed through the cells under examination. The main circuit consisted of 

two Leclanche cells M, and two resistance boxes N, O (joined by a short stout wire) 

of 10,000 ohms each (Plate 17, fig. 1). Of this resistance a variable and adjustable 

proportion was included between the points of derivation, and (by use of the second 

box) the total was in all cases made up to 10,000. Thus, in compensating a single 

Clark cell the resistance from the first box might be 4900, and from the second 

5100. By this means the constancy of the main current is secured. The derived 

branch includes the cell or cells to be tested (P), a mercury reversing key (Q), and a 

galvanometer (T), with which is associated a resistance (S) of 10,000 ohms. The 

galvanometer itself was of the Thomson pattern, and had a resistance of about 200 

ohms. By the substitution of an instrument with a longer wire and of resistance up 

to 10,000, a greater degree of sensitiveness might have been obtained, but with careful 

reading of the galvanometer scale the arrangements were sufficient for the purpose, 

and would indicate the E.M.F. to about to.oTmj- I11 the preliminary trials a simple 

contact key with platinum studs was used in the galvanometer branch with the idea 

that shorter contacts would thus suffice. But, probably from thermoelectric disturbance, 

the readings thus obtained were not so consistent as with the mercury reversing key, 

and the smallness of the currents actually allowed to pass rendered the longer contacts 

unobjectionable. From the data already given it will be seen that a current of 10-6 

amperes was sensible, and no disturbance could be expected from currents 100 times, or 

more, greater than this. In order to test whether the connexions were rightly made, 

the first observation was usually taken with a still higher resistance in the galvanometer 

branch, which could easily be effected by causing the current to pass through the body 

of one of the observers from hand to hand. If by accident too large a current was 

allowed to pass through a cell, no further use was made of that cell until the next 

day.w It must be mentioned that great care was taken, and was necessary, in respect 

of the insulation of the various parts. For instance, no correct results were obtainable 

when the Leclanche’s stood upon the (tiled) floor, if at the same time other parts of 

the combination were touched with the hand. A sheet of paraffined paper interposed 

proved a remedy. In this matter we have had several disagreeable lessons, and we 

* Experiments detailed later (§ 31) show that the precautions observed in this respect were more 

stringent than was really necessary. 

MDCCCLXXXIV. 3 L 



442 LORD RAYLEIGH AND MRS. H. SIDGWICK ON THE 

cannot too strongly emphasise our advice to take too many rather than too few 

precautions. 

When two cells under comparison differ by a considerable fraction, they may be 

compared separately with the Leclanche’s, or rather expressed in terms of the current 

afforded by the Leclanche’s through 10,000 ohms. Thus, on Dec. 3, 1883, in order to 

balance Clark No. 1 (see below) 4926 were required between the points of derivation. 

When a standard Daniell of Raoult’s pattern was substituted for the Clark, the 

number required was 3798. In terms of No. 1 Clark the E.M.F. of the Daniell 

is thus 3798/4926, or '7710. At the end of a series of comparisons it is proper to 

repeat the observation of the first standard cell, in order to check the constancy of 

the current supplied by the Leclanche’s. In our experience there was usually no 

appreciable variation. 

When the cells to be compared are nearly alike, it is better in the second observation 

to express the difference of forces by setting the second ceil to act against the first. 

Thus, the force of Clark No. 1 being expressed as before by 4926, the corresponding 

resistance for the excess of the force of Clark 1 over Clark 3 was 2 ohms. Hence, 

in terms of Clark 1 the force of Clark 3 is '9996, and the result is less liable to 

error than if the comparisons of each with the Leclanche’s were effected separately. 

§ 29. Of the first batch of Clark’s which were compared together from Nov.ember, 

1883, onwards. No. 1 was set up near the beginning, and Nos. 2, 3, 4, 5, towards the 

end of October. They were prepared generally according to the directions given by 

Dr. Alder Wright,'"' to whom we have been indebted for advice and for samples of 

some of the materials. The saturated solution of zinc sulphate was nearly neutral. 

The metallic zinc was bought as pure from Messrs. Hop kin and Williams. The 

mercurous sulphate was from the same source, and the metallic mercury was 

redistilled in the laboratory. We did not consider it desirable to take precautions 

against the presence of air, thinking that it was sure to find an entrance sooner or 

later. 

Four new cells, Nos. 6, 7, 8, 9, were set up from the same materials on January 10, 

1884. It will be seen from the table that when a fortnight old they differed but 

little from the first batch. 

In preparing these cells the most troublesome part of the process was found to be 

the casting of the zincs. The metal, melted in a porcelain crucible, was sucked up 

into a previously heated tube of hard glass, but the operation required some address, 

and there was considerable waste of zinc from oxidation and otherwise. It occurred 

to us to try whether equally, or perhaps still more, satisfactory results might not be 

obtained by substitution for the solid metal of an amalgam of zinc. For this purpose 

a form of cell, called for brevity the IT-cell, was contrived, and is shown full size 

(Plate 17, fig. 5). One of the legs is charged with the amalgam of zinc (B), the other 

with pure mercury (C), covered with a layer of mercurous sulphate (D). The whole is then 

* Phil. Mag., July, 1883. 
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filled up above the level of the cross tube with saturated zinc sulphate (E), and a few 

crystals are added. Evaporation is prevented by corks (F), closing the upper ends of the 

tubes. Electrical contact with the amalgam and with the pure mercury is made by 

platinum wires (A), sealed into the glass. 

A preliminary experiment in which both legs of a cell were charged with amalgam 

(the mercurous sulphate being dispensed with) having shown that the E.M.F. was inde¬ 

pendent of the excess of undissolved zinc, two cells, H2, were set up on February 12, 

1884, and submitted to various tests, such as stirring up the amalgam with a glass rod. 

The amalgam was prepared from pure mercury and the same zinc as before. Sub¬ 

sequently, on March 6, six more cells were charged with a somewhat different 

treatment. The sulphate of zinc was from another sample and contained appreciable 

quantities of iron. Moreover, the amalgam was differently prepared. The mercury 

and zinc were shaken up together in a bottle with a little acid, after which the acid 

was washed out by shaking with several changes of water, until litmus paper was no 

longer reddened. Into each cell, in addition to the fluid amalgam, there was dropped 

a piece of solid zinc from the bottle. The same mercurous sulphate as before was 

employed, but the washing with distilled water was dispensed with. The three 

remaining cells of this pattern H9, H10, Hn, were charged on March 12, 1884, with a 

third gample of zinc sulphate. 

The agreement among themselves and the constancy of the H-cells has been all 

that could be wished ; but some modification in preparation will be desirable, for it 

has been found that the amalgam tends to harden into compact lumps, the expansion 

of which is liable to burst the cells. From this cause H3, H^, H7, succumbed at a 

comparatively early stage. It is probable that the addition of solid zinc to the fluid 

amalgam had better be omitted, but on this and other points we hope to make 

further investigation. The H pattern lends itself conveniently to experiment, as it is 

possible by withdrawing the corks to make any desired addition to the contents. On 

more than one occasion the contents of each leg have been vigorously stirred, without 

the slightest change in the E.M.F. 

Since the first draft of this memoir was written two new batches of cells of the 

ordinary pattern have been prepared with different materials. In this case the zincs 

were used as supplied, without re-casting,'25 and the mercurous sulphate, though 

distinctly acid, was not washed. The first batch (10, 11, 12, 13) were set up on 

May 7, and the second batch (14, 15, 10, 17, 18, 19) on May 26. 

* The surface of the metal was brightened with file and sand paper. 
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§ 30. Tables VI., VII., VIII. show the results of most of the comparisons, the 

value of every cell on each day being expressed in terms of Clark No. 1. It will be 

seen that there are durable differences between cells of the same batch, but that these 

do not much exceed yo^o- There are also changes of small amount in the force of a 

given ceil, part of which is perhaps attributable to a difference of temperature co¬ 

efficient. Moreover the actual temperatures may possibly have differed a few tenths 

of a degree in the case of various cells, many of which stood some feet apart. Clark 

No. 3 does not appear in Table VII., since on January 25 it was found to be short 

circuited. During the later comparisons, Nos. 6 and 7 were unavailable, having been 

diverted to another use. 

The two last batches took a longer time than usual (about three weeks) to reach 

their normal values. It will be seen from Table VIII. that when first set up these 

cells were too strong by as much as 1 or 2 per cent. It was thought that the 

process of settling down might be quickened by closing the circuit occasionally for 

some minutes, through a resistance of 1000 ohms, and the asterisk in the table 

indicates that on the day previous to the comparison the cell in question had been so 

treated for about ten minutes. When once the settling down is completed, further 

short circuiting appear to be without effect. 

Table IX. 

Time. Resistance between Poles. E. M. F. 

h. m. 
3 35 00 4994 

3 47 00 4994 

3 53 Changed from oo to 10,000 

3 56 10,000 4851 

3 41 10,000 4853 

4 59 Changed from 10,000 to oo 

5 2 OO 4990 

5 15 00 4991 

5 47 00 4992 

6 3 Changed from oo to 1000 

6 5 1,000 3990 

6 11 1,000 3860 

6 13 Changed from 1000 to oo 

6 19 CO 4990 

6 25 00 4991 

6 29 Changed from oo to 500 

6 34 Changed from 500 to oo 

6 36 00 4985 

6 37 00 4988 
6 52 cc 4991 

§ 31. Some observers having laid great stress upon the importance of guarding 

Clark cells from the passage of sensible currents, we give a specimen of the results of 

some tests to which we have subjected a few of the cells, in order to find out how 
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much care was really necessary in their use to avoid polarisation. The accompanying 

Table IX. shows the variations of E.M.F. of Clark No. 6 on April 28, when very 

rudely treated. The other connexions remaining as usual, the poles of the cell were 

joined through a resistance-box, by means of which the cell could be short circuited 

with any external resistance from 0 to infinity. The numbers entered (such as 4094) 

are proportional to the difference of potential between the poles, being in fact the 

resistance between the points of derivation on the Leclanche circuit. It will be 

seen that in the course of a quarter of an hour the cell recovers, to within a few ten- 

thousandths of its value, from the effects of being short circuited for several minutes 

through such resistances as 1000 ohms. From the electromotive forces during the 

short circuiting it appears that the internal resistance is high, nearly as much as 300 

ohms. 

The manner in which the Clark cells have borne the tests applied to them justifies 

the hope that they may be found generally available as standards of E.M.F. But 

further experience is necessary as to the effect of various modes of preparation, and it 

is to be hoped that this may soon be forthcoming. As used by us, the process is so 

simple that no one need be deterred from setting up cells for himself. 

§ 32. Experiments on Daniell cells gave only a moderately good result. Raoult’s 

form was employed, in which the zinc and copper solutions are placed in separate 

beakers, the connexion being only through a Y-tube charged with zinc sulphate and 

tied over the ends with bladder. One electrode was of pure zinc amalgamated with 

pure mercury, and the other of copper freshly coated electrolytically. The zinc and 

copper solutions were both of sp. gr. IT. 

Table X. 

November 30, 
1883. 

December 3, 
1883. 

December 5, 
1883. 

December 11, 
1883. 

December 12, 
1883. 

Clark No. 1. . . 
Daniell .... 

1-0000 
•7702 

1-0000 
•7710 

LOOOO 
•7705 

1-0000 
•7698 

1-0000 
•7702 

The Daniell cell has of course to be charged freshly on each occasion, and is thus 

far less convenient in use than the Clark’s, which stand for months always ready for 

use. The temperature of the cells at the time of the comparisons tabulated was about 

16° C. 

Through the kindness of the inventor, we have had the opportunity of comparing 

some De La Plue cells with the Clark’s. The cells are of a somewhat modified con¬ 

struction, the atmospheric oxygen being excluded by a layer of paraffine oil. They 

were set up some days before the comparisons, and short-circuited for five minutes in 

order to start the chemical action. 
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We found 

No. 1 De La Rue = *7510 Clark. 

No. 2 „ = 7512 ,, 

No. 3 „ = 7382 „ 

No. 4 ,, = -7458 ,, 

Mean ,, = 7465 „ 

Mr. De La Rue (Phil. Trans., Vol. 169, Part I.) found a result decidedly smaller, 

the explanation of which is to be sought in the fact that in his experiments the cells 

were making a current of about yyyy ampere, whereas in ours the electromotive force 

is measured when no current passes. 

It may be useful to record also a comparison between our Clark’s and a new form 

of Danif.ll, introduced by Sir W. Thomson. This cell is charged with zinc sulphate 

of sp. gr. P02, and with saturated solution of copper sulphate. The zinc is not 

amalgamated. According to Sir W. Thomson’s directions, the circuit of the cell is 

closed through 250 ohms, and the E.M.F. measured is that between the poles under 

these conditions. After the current had been running for about an hour and a half, 

the E.M.F., which had been increasing, became fairly constant, and its value was then 

743 in terms of Clark No. 1. The comparison was made on April 8, 1884.* 

§ 33. We now pass to the description of the method adopted for the absolute deter¬ 

minations. The current, after leaving the current-weighing apparatus, is caused to 

traverse a wire of knowm resistance R, whose stout copper terminals rest on the copper 

bottoms of suitable mercury cups H, K (Plate 17, fig. l). To these cups are brought 

also the terminals of the derived branch, in which are included the galvanometer and 

the standard cell. 

On account of the strength of the currents (about y ampere) the resistance required 

to be of special construction in order to avoid too great heating. 

Two ebonite rods were held in a parallel position by a frame of wood, and round these 

uncovered german silver wore was wrapped so as to be exposed to the air as much as 

possible. The rods are about a foot apart, and are grooved, the better to keep the 

wire in its place. The resistance is about 4 B.A., and was determined with the aid of 

a jive and a single.f At 17°'6 its value is 4‘00699 B.A. 

Even this resistance-ware heats sensibly when the current of y ampere is passed 

through it for more than a few seconds. The increment of resistance was determined 

by observations taken immediately after the passage for some minutes of a stronger 

current (about 1 ampere). In this way it was found that for the currents usually 

employed a correcting factor 1‘00041 must be introduced to take account of the heat¬ 

ing, independently of course of the correction necessary for the difference between 

17°'6 and the temperature of the atmosphere at' the time of an absolute determination. 

* See notes. 

t For the methods used to ascertain the value of the five the reader is referred to former papers. 
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§ 34. In order to obtain the balance of electromotive forces two distinct methods 

have been followed. In the earlier determinations there was no electromotive force 

in the derived branch except that of the standard cell, and the adjustment was effected 

bj variation of a comparatively high auxiliary resistance from a box, placed in multiple 

arc with the [4], The readings were taken by reversal of the galvanometer con¬ 

nexions at a mercury commutator, and the small outstanding galvanometer displacement 

was allowed for with the aid of observations of the effect of a known change in the 

auxiliary resistance. In this way could be determined the auxiliary resistance, and 

lorn it (by addition of conductivities) the effective resistance between the points of 

derivation necessary for a balance with the actual current. The value of the current 

at the moment in question is deduced from the curves representing the two sets of 

current-weighings (§ 24). In the course of half an hour several almost independent 

determinations of the electromotive force could be completed. 

This method is the simplest, and could usually be made to work satisfactorily. It 

is, however, open to the objection that if the current changes rapidly we must either 

allow for a considerable galvanometer displacement or else alter the auxiliary resist¬ 

ance. But the latter change reacts upon the principal current, and renders the 

current weighing curves discontinuous, thereby increasing the difficulty of specifying 

the value of the current at the moment of observation. 

§ 35. In the second method the resistance between the points of derivation is the 

[4] simply, and compensation is made in the galvanometer branch by the introduction 

of a graduated E.M.E. (Plate 17 fig. 1). The arrangement is in fact almost the same as 

in the comparison of two cells by the method of difference (§ 28), one of the cells being 

replaced by the resistance [4] traversed by the main current. As the apparatus for 

these comparisons was always ready for use, this method was, under the circumstances 

of the case, really more convenient than the other, and was employed in the later 

determinations. The procedure will be best understood from an example. 

On March 29, 1884, determinations of silver and of electromotive force were made 

simultaneously, so that the same set of current weighings might serve for both pur¬ 

poses. Accordingly the main current traversed the three voltameters, the current 

weighing apparatus and the resistance [4]. In the derived branch (Plate 17, fig. 1) 

were the standard cell No. 4 Clark, the galvanometer with its commutator, and 

coils from a resistance box, through which passed the current from the two Leclanche 

cells (§ 28). If the compensation between the Clark and the difference of potentials 

at the terminals of the [4] were incomplete the balance could be restored by the intro¬ 

duction of a graduated part of the E.M.F. of the Leclanche’s, the value of which, in 

terms of the Clark, is found by a subsequent experiment, in which the [4] is excluded. 

It will be understood that the Leclanche’s worked in a perfectly constant manner, 

the whole resistance in circuit being always made up to 10.000 ohms (in addition to 

that of the cells themselves). If E be the E.M.E. of the Clark, p the resistance 

(traversed by the current of the Leclanche’s) which must be used to get a balance 

MDCCCLXXXIV. 3 M 
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when the [4] is excluded, r the resistance actually required during a set of measure¬ 

ments when [4] is connected, then the electromotive force actually compensating the 

action of [4] is E(1—r/p). 

At the beginning of the proceedings on March 29 the main current was stronger 

than that required for the simple compensation of E, so that to get a balance at the 

galvanometer the Leclanche’s would have had to be reversed. At 18m from the 

commencement the current had fallen to the point of compensation with r=0. 

At 28ra balance required r=20 B.A., at 34m r=37, and at 4Sm r=90. To take 

these observations, the easiest way is to overshoot the point somewhat, and then 

continually reversing the galvanometer to note the time of passing through the 

balance. From the curves representing the current weighings, the double force of 

attraction at the above times were found to be '9645, '956, '9495, '931, expressed in 

grams. This is what has been denoted by m (§ 26), and the corresponding current is 

i= '037048 *ym. 

§ 36. The resistance R between the points of derivation must be expressed in 

absolute measure, if we wish E to be so expressed. But for comparison with the 

results of other observers it will be convenient to keep this question apart and, in the 

first instance, to express our electromotive forces as if the B.A. unit were correct. 

Any factor (such as '9867) which may be adopted to express the B.A. unit in terms of 

the ohm will enter also into the expression of E in true volts. 

At the atmospheric temperature 13°'l the value of the [4] is 3'9998 B.A., whence 

R=4'00143 B.A., 

correction being made for the heating effect of the current. 

The formula for E is 

E='037048R.v/m.-^- 
p-r 

The value of p (on the occasion in question) was 4999 B.A., and this completes the 

data for the evaluation of E. The four values corresponding to the above observations 

are 
1-4559, 1'4553, 1'4553, 1'4566, 

giving as mean 
E=1'4558 B.A. volts. 

This result is for No. 4 at a temperature of 130,1. The value of No. 4 in terms of 

No. 1 at the time in question was about "9998, so that we should have found for 

No, 1 
E= 1-4561 B.A. volts. 

We have still to reduce to the standard temperature of 15°. The coefficient 

originally given by Latimer Clark is 1'0006 per degree centigrade. Wright and 
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Thomson'" found a smaller number, viz., 1’00041, and with this our results were first 

reduced. Later, however, we found reason to suspect that the actual change was 

greater than this, and accordingly made some special observations to clear up the 

doubt. One cell (No. 6) was mounted in a large test tube, the gutta-percha-covered 

leading wires being brought through a tightly-fitting indiarubber cork, and was kept 

constantly at 0° centigrade by being surrounded with ice. With this No. 1 at the 

temperature of the room was compared from day to day, with the result that its 

temperature coefficient is about the double (1’00082) of that given by Weight and 

Thomson. A similar result was found by Helmholtz,! who remarks that the effect 

of temperature may vary according to the preparation of the cell. 

Using this number to reduce the result of March 29, we have to subtract ’0022, 

thus obtaining 
E=1’4539 B.A. volts 

as the electromotive of No. 1 Clark at 15°. 

Table XI. 

I. 

Date, 
1883 and 1884. 

11. 

Cell used. 

III. 

Temperature. 

IV. 

E.M.F. 
in B.A. volts. 

V. 

E.M.F. 
relative to 

No. 1. 

VI. 

E.M F. 
of No. 1. 

VII. 

Correction 
to 15°. 

VIII. 
E.M.F. 

in B.A. volts, 
corrected to 

15°. 

October 23 . Clare No. 1 15° 9 1-4542 1-0000 1-4542 + •0010 1 4552 
November 20 „ No. 2 15-3 1-4549 1-0006 1-4540 + -0004 1-4544 

„ 21 . „ No. 1 14-9 1-4543 1-0000 1-4543 -•0002 1-4541 
„ 22 . „ No. 1 14-9 1-4533 1-0000 1-4533 -•0002 1-4531 

December 4 „ No. 1 15-8 1-4524 1-0000 1-4524 + •0010 1-4534 
„ 11 • „ No. 1 17-2 1-4524 1-0000 1-4524 + "0026 1-4550 
„ 12 . „ No. 2 15-8 1-4549 1-0008 1-4537 + -ooio 1-4547 

January 28 . „ No. 2 15-0 1-4541 1-0000 1-4541 + 0000 1-4541 
March 20 . . . „ No. 4 15-8 1-4533 •9998 1-4536 + •0010 1-4546 

„ 25. . . „ No. 1 13’5 1-4560 1-0000 1-4560 —-0018 1-4542 
„ 29. . . „ No. 4 131 1-4558 •9998 1-4561 -•0022 1-4539 

April 2 . . . „ No. 1 ] 6-1 1-4524 1-0000 1-4524 + •0014 1-4538 
„ 7 . . . „ No. 1 15-5 1-4535 1-0000 1-4535 + •0006 1-4541 

Mean .... 15’3 14542 

§37. This determination and twelve others, made at intervals from Oct., 1883, to 

April, 1884, are exhibited in Table XI.J They are all deduced from observations with 

the current-weighing apparatus. It will be seen that there is little or no evidence of 

any progressive change. The casual fluctuations are of course partly due to errors of 

observation, but it would seem are principally to be attributed to real variations of 

* Phil. Mag., July, 1883, p. 36. 

f Sitzungsber. d. Kon. Akad. d. Wiss. zu Berlin, February, 1882, 

1 For continuation of Table XI. see notes. 

3 M 2 
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electromotive force of the same kind as appear in the Tables VI.," VII., VIII., 

showing the relative values of the various cells. The mean temperature at the times 

of the determinations differs so little from 15°, that the final number for that 

temperature is almost independent of the temperature coefficient. 

We may take as applicable with but little error to all the cells of this type that 

have been experimented upon 

E=l*454 B.A. volts at 15°. 

The value for the H-cells would be a little higher. (See Tables.) 

The corresponding number found by Mr. Latimer Clark was 

E= 1*457 B.A. volts, 

so that the difference between us is small, and perhaps even dependent upon variations 

in the materials or construction of the cells. 

To express our results in true volts we have only to introduce the factor expressive 

of the B.A. unit in terms of the ohm. If in accordance with our own determinations 

we take 
1 B.A. unit =*9867 ohm, 

we shall have as the value of a Clark cell at 15° 

E=1*435 volt. 

§ 38. It has been mentioned that on March 29 silver deposits were made at the same 

time as the observations of E.M.F. One object of this was to exemplify the procedure 

which will probably be in future the most convenient for the determination of E.M.F. 

when the very highest accuracy is not required. It is evident that if we assume 

a knowledge of the electro-chemical equivalent of silver, the weights obtained in a 

given time on March 29 will lead to a determination of E.M.F., independently of 

the current weighings. We propose to exhibit the method of calculation, ignoring 

altogether the use of the current-weighing apparatus, whose only effect will be that of 

a resistance of about 40 ohms. If W be the weight of silver deposited in the time t, 

w the electro-chemical equivalent, we have as the relation between W and E, 

W= i--V« 
pj 

On this occasion W=l*4531 grms., f=3599 seconds, It=4'0014 B.A., p=4999 B.A., 

as before. If w be assumed, the only other element required for the evaluation of E is 



ELECTRO-CHEMICAL EQUIVALENT OP SILVER, 453 

f rdt 

J t ’ 

viz., the mean value of r necessary for a balance of E.M.F. during the time that the 

current ran through the voltameters. To get this the actual observations of r are 

plotted, the times being taken as abscissse, and a curve constructed representing the 

value of r throughout the course of the experiment.* From this curve the ordinates 

are measured, which correspond to the middle of every five minutes’ period. The 

values of r thus obtained are 

Table XII. 

Time. r. Time. r. 

HI. m. 

21 -22 321 + 32 
7jt -16 371 + 48 

m -10 421- + 66 

m — 2 471 + 86 
221 + 8 521 + 112 
271 + 18 574 +140 

Mean= + 38'3. 

The rapid falling-off of the current towards the end of the hour is believed to be 

due to the formation of crystals upon the anodes of the cells charged with silver 

chlorate. The value of 

being thus found to be 4960‘7, the calculation of E may be completed. Taking 

w— 1T180 X 10~2, we get 

E= 1*4562 B.A. volts, 

as the electromotive force of No. 4 Clark at 13°T. 

On April 2 an equally satisfactory result was found from the silver deposits without 

use of the current weighings. It will be seen that in this way anyone may determine 

the E.M.F. of his standard battery with a very moderate expenditure of trouble and 

without the need of any special apparatus. So large a resistance in the main circuit 

as in the above example, due to the idle coils of the current-measuring apparatus, is 

not necessary, but some resistance in addition to R and that of the battery and 

voltameters would probably be advisable. Otherwise the magnitude of the current 

would be too sensitive to the resistance of the voltameters, which cannot be included 

* In the formation of the curve use was made of observations in which the galvanometer balance was 

incomplete, the valne of the scale divisions being approximately known. 
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in the circuit until the experiment actually begins. In the preliminary adjustments 

the resistance of the voltameters should be represented by an estimated equivalent of 

wire resistance, and this should not be too large a fraction of the whole. In our case 

the resistance of the three voltameters charged with nitrate solution of 15 per cent. 

wTas a little under two ohms, and the conditions under which we worked would be 

sufficiently imitated by a circuit containing, besides the [4] and the voltameters, an 

extra resistance of 10 ohms. A battery of three or four Groye cells would then be 

sufficient for the generation of the current. 
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Appendix (see § 15). 

Table of the values of siny {2Fy —(1-f- sec3y)Ey} from y=55° to y—70°. 

O ! 

55 0 1-9198899 60 0 •1786408 65 0 •44.33405 
55 6 1-9250674 60 6 •1838431 65 6 •4487720 
55 12 1-9302440 60 12 •1890478 65 12 •4542107 
55 18 1-9354198 60 18 •1942546 65 18 •4596565 
55 24 1'9405945 60 24 •1994636 65 24 •4651097 
55 30 1-9457677 60 30 ■2046748 65 30 •4705707 
55 36 T9509400 60 36 •2098887 65 36 •4760395 
55 42 1-9561123 60 42 •2151058 65 42 •4815165 
55 48 T9612837 60 48 •2203260 65 48 •4870015 
55 54 1-9664536 60 54 •2255491 65 54 •4924944 

56 0 1-9716227 61 0 •2307753 66 0 •4979956 
56 6 1-9767918 61 6 •2.360045 66 6 •5035052 
56 12 1-9819605 61 12 •2412367 66 12 •5090234 
56 18 1-9871288 61 18 •2464720 66 18 •5145504 
56 24 1-9922966 61 24 •2517106 66 24 •5200861 
56 30 1-9974637 61 30 •2569525 66 30 •5256304 
56 36 •0026304 61 36 •2621981 66 36 •5311838 
56 42 •0077970 61 42 •2674478 66 42 •5367469 
56 48 •0129635 61 48 •2727014 66 48 •5423195 
56 54 •0181298 61 54 •2779585 66 54 •5479017 

57 0 •0232962' 62 0 •2832194 67 0 •5534935 
57 6 •0284628 62 6 •2884843 67 6 •5590948 
57 12 •0336297 62 12 •2937533 67 12 •5647060 
57 18 •0387966 62 18 •2990263 67 18 •5703278 
57 24 •0439638 62 24 •3043035 67 24 ‘5759599 
57 30 •0491317 62 30 •3095854 67 30 •5816022 
57 36 •0542999 62 36 •3148717 67 36 •5872550 
57 42 •0594684 62 42 •3201621 67 42 •5929188 
57 48 •0646364 62 48 •3254571 67 48 •5985936 
57 54 "0698062 62 54 ■3307575 67 54 •6042795 

58 0 •0749769 63 0 •3360628 68 0 •6099767 
58 6 -0801480 63 6 •3413729 68 6 •6156851 
58 12 •0853198 63 12 •3466879 68 12 •6214051 
58 18 •0904926 63 18 •3520081 68 18 ■6271370 
58 24 •0956665 63 24 •3573335 68 24 •6328810 
58 30 •1008414 63 30 •3626642 68 30 •6386371 
58 36 T060175 63 36 •3680004 68 36 '6444054 
58 42 T111950 63 42 •3783422 68 42 •6501859 
58 48 •1163737 63 48 •3786896 68 48 •6559791 
58 54 •1215535 63 54 •3840425 68 54 •6617852 

59 0 T267346 64 0 ■3894014 69 0 •6676045 
59 6 T319170 64 6 •3947666 69 6 •6734371 
59 12 T371009 64 12 •4001380 69 12 ■6792833 
59 18 T422865 64 18 •4055155 69 18 ■6851433 
59 24 •1474739 64 24 •4108993 69 24 ■6910170 
59 30 •1526636 64 30 •4162893 69 30 •6969043 
59 36 •1578552 64 36 •4216858 69 36 •7028058 
59 42 •1630486 64 42 •4270894 69 42 •7087220 
59 48 T682439 64 48 •4324998 69 48 •7146529 
59 54 •1734412 64 54 •4379166 69 54 •7205985 
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Explanation op Plate. 

PLATE 17. 

Fig. 1. A. Principal battery of Grove’s or storage cells. 

B. Resistance for adjustment of current. 

C. Voltameters. 

D. Bough tangent galvanometer. 

E. Reversing key of current weighing apparatus. 

F. Fixed coils. 

G. Suspended coil. 

H. K. Mercury cups, into which dip the terminals of resistance R. 

L. Earth connexion. 

M. Leclanche’s of E.M.F. compensator, 

N. 0. Resistance-boxes of same. 

P. Standard galvanic cell. 

Q. Galvanometer commutator. 

S. Associated resistance of 10,000 ohms. 

T. Galvanometer. 

Fig. 2. Section of ebonite ring (full size). 

Fig. 3, § 14. Connexions for comparison of galvanometer constants. 

A. Daniell cell. 

B. Mercury reversing key. 

C. Point where current divides. 

D. Coil of electro-dynamometer. 

E. Ebonite coil. 

F. H, L, M. Mercury cups. 

G. Bridge galvanometer. 

K. Ptesistance-box in multiple arc with [ 1 Oj. 

P. Short circuiting piece to connect F and H. 

N. Resistance added to E. 

Fig. 4, § 24. Curves of current weighings. In the original drawing two divisions 

along the line of abscissae represent one minute, and two divisions 

along the line of ordinates represent one milligram. Of these 

divisions every tenth only is shown in the Plate. 
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Fig. 5, § 29. H-pattern of Clark cell. 

A. Platinum wires sealed through glass. 

B. Amalgam of zinc. 

C. Pure mercury. 

D. Mercurous sulphate. 

E. Saturated solution of zinc-sulphate. 

F. Corks. 

Notes. 

(Added December, 1884.) 

Note to $ 25. 

In order to investigate the effect (if any) of temperature upon the amount of silver 

deposits, we have made experiments in which voltameters maintained at different 

temperatures were exposed to the same, current. The results, exhibited in the 

accompanying table, show a small but apparently real increase in the weight of 

the deposit as the temperature rises. Had the effect been in the other direction, we 

should have been disposed to attribute it to imperfections of manipulation, for the 

deposits from the warm solutions were always coarser and looser in texture than the 

corresponding deposits (upon the same area) from the cold solutions. 

1884. 

After usual washing and drying at 160°. After beating to verge of redness. 

Excess of hot 
over cold. 

Hot bowl 
(about 5(F). 

Bowl at 
temperature 

of room 
(15°). 

Cold bowl 
(4°). Hot bowl. 

Bowl at 
temperature 

of room. 
Cold bowl. 

May 27 . ' . 2-3915 2-3905 '0010 
June 4. 2-0230 . , 2-0220 2-0229 2-0221 •0008 
July 22. . 1-9050 1-9013 1-9049 1-9043 •0006 
July 31. . . 1-9438 1-9432 1-9430 1-9440 1-9432 1-9431 •0009 

The solution was a 15 per cent, solution of pure nitrate of silver, and the anodes 

were of pure metal. The current was about ampere, and passed for rather more 

than an hour. 

The results here disclosed diminish, of course, the chemical significance of the 

number given as representing the electro-chemical equivalent of silver, but the 

variation is so small at ordinary laboratory temperatures that the use of the silver 

voltameter as a means of defining electric quantity is not practically interfered with. 

mdccclxxxiv. 3 n 
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Note to § 26. 

M. Mascart (Journal de Physique, t. iii.; Juillet, 1884) has recently revised the 

calculation of the constant of his apparatus, by which revision the final number is 

altered from '01124 to '011156. 

Note to § 27. 

Although there can be no doubt that silver is greatly preferable to copper for the 

electrolytic measurement of currents, we have thought that it might be useful to make 

a few comparisons of the two metals, so as to allow copper to be referred to on an 

emergency with as much success as the nature of the case admits. The copper 

deposits were taken in the same way as the silver upon platinum bowls, the anodes 

being wrapped in filter paper and suspended at the top of the liquid. On account of 

the tendency to oxidation it is not advisable to allow the copper deposits to soak for 

a long time. They were washed in boiling water for about half an hour, and then 

dried off in the hot closet at 150°. The solutions were made from sulphate, bought as 

pure, no acid being added. Of the four bowls I., II. are large and somewhat deep, 

IIP, IV. are shallow saucers about 3 inches in diameter. In the large bowls the area 

of deposit was about 32 sq. centims., in the smaller about 25 sq. centims. The 

strength of current on the first two occasions was about ^ ampere, on the last about 

§ ampere, thus representing the circumstances for the measurement of the current 

through an incandescent lamp. 

Solution. 
Weight of 
depouts. 

Ratio Equivalent of 
Date, 18S4. Bowl. Mean. of copper to copper 

silver. (silver = lOSh 

Nov. 20 I. Silver nitrate 15 per cent. 1-38741 1-3872 
99 III. 1-3870/ 

■2937 3172 
99 * * II. Copper sulph. sp. gr. l'l 74 •4065 1 ‘4074 
99 IV. •4082 / 

Nov. 27 II. Silver nitrate 15 per cent. 1 0523] 1 0522 
9 9 * * IV. 1 0522/ 

•2934 3169 . 
99 * * 
99 * * 

III. 
I. 

Copper sulph. sp. gr. 1115 •3094 1 
•3081 / •3087 

Dec. 11 
99 * * 

II. 
IV. 

Silver nitrate 15 per cent. 3-04891 
3-0487/ 3-0488 

•2938 31-74 
99 • * 

” 

III. 
I. 

Copper sulph. sp. gr. 1115 •8956 / 
•8962 / •8959 

Mean •2936 31-72 

Multiplying '2936 by 4 0246 we get 1 *182 grms. as the amount of copper deposited 

per ampere per hour. 
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Note to § 30. 

Observations made at intervals since this paper was read may here be given in 

continuation of Tables VII. and VIII. 

June 26. July 14. July 21, 22. Aug. 6. Oct. 8. Oct. 28. Nov. 14. Dec. 5. 

Clark 1 . . 1-0000 1 0000 1-0000 1-0000 1-0000 1-0000 1-0000 1-0000 
„ 4. . •9998 1-0000 1-0000 1-0004 •9996 ■9997 o-oooo o-oooo 
„ 5 . . ■9997 1-0007 •9998 1-0006 •9990 •9994 •9993 •9997 
„ 8 . . •9997 •9998 •9998 •9996 •9997 •9998 1-0000 "9996 
„ 9 . . 1-0000 1-0000 1-0002 •9998 1-0000 1-0002 1-0002 ■9999 
.,10. . 1-0003 1-0003 1-0003 1-0003 1-0003 1-0003 1-0003 1-0003 

„ 11 • • 1-0003 1-0004 1-0003 1-0007 1-0003 1-0003 1-0003 1-0004 
„ 12. . 1-0004 1-0004 1-0004 1-0007 1-0003 1-0003 1-0003 1-0003 
„ 13. • 1-0002 1-0002 1-0002 1-0000 1-0002 1-0002 1-0003 1-0001 
„ 14. ■ 1-0026 1-0003 1-0003 1-0002 1-0003 1-0003 1-0003 1-0003 
„ 16. . 1-0004 1-0003 1-0004 1-0002 1-0002 1-0003 1-0003 1-0003 
„ 18. . •9974 •9920 •9900 •9860 •9800 -9810 •9760 unsteady 
„ 19. . 1-0004 1-0000 1-0000 •9997 1-0000 1-0002 1-0001 •9999 

H5. . . . 1-0005 1-0004 1-0005 1-0005 1-0003 1-0003 1-0004 1-0006 
Hj. . . . 1-0007 1-0004 1-0005 1-0005 1-0004 1-0002 1-0003 
H10 ■ . . 1-0004 1-0005 1-0005 1-0003 1-0003 1-0003 1-0004 1-0004 
Hn . . . 1-0004 1-0005 1-0005 1-0003 1-0002 1-0003 1-0003 1-0003 
h12 . . . 1-0030 1-0004 1-0003 1-0003 1-0003 

H13 • • ■ 1-0009 1-0003 1-0002 1-0003 1-0003 1-0001 

Some H-cells have been set up Mr. Tiirelfall, with amalgams of known composi¬ 

tion, varying from yy zinc to j zinc by weight. The duration of the test has as 

yet been scarcely adequate, but it appears that the smaller quantity of zinc is sufficient. 

Note to § 32. 

Comparisons of standard Daniell cells of the Post Office pattern sent me by 

Mr. Preece have been made on several days, but did not give satisfactory results. 

The E.M.F. rises about 1 per cent, during the half hour following the placing of the 

zincs and porous cells in the working compartment, and the two specimens differed 

from another about 2-| per cent. The mean values were about 1'081 and 1 056 true 

volts. 

Note 1 to § 37. 

An examination of the recent comparisons of cells of different ages will probably 

lead to the conclusion that no important absolute change of E.M.F. can have occurred 

during the thirteen months; but since the cells have been employed as standards for 

3 n 2 
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the determination of electric currents in various experiments, e.g., for the determination 

of the constant of magnetic rotation (Proc., June, 1884), it seemed desirable to supple¬ 

ment Table XI. with observations of later date. Two further absolute determinations 

have accordingly been made on November 21 and November 27, 1884, by the method 

of § 38, with the following results :— 

Table XI. (continued). 

Date. Cell used. Temperature. 
E.M.F. in B.A. 

volts. 

Correction to 
15°. 

E.M.F. in B.A. 
volts corrected 

to 15°. 

November 21 . 
„ 27 . . 

Clabe No. 1 . 
„ No. 1 . 

13° 7 
13-4 

1-4548 
1-4555 

-•0016 
-•0019 

1-4532 
1-4536 

Mean . . 1-4534 

The difference between P4534 and the mean of Table XI., viz., P4542, would 

indicate a fall of about woujtj, but the determinations are hardly precise enough to 

warrant ns in regarding this fall as an established fact. 

Note 2 to § 37. 

Two further determinations of the E.M.F. of Clark cells have been published 

since this paper was communicated to the Royal Society. They both depend upon 

the evaluation of currents.by means of silver, as in § 38. 

A. v. Ettingshausen (Zeitschrift fiir Elektrotechnik, 1884, xvi. Heft) finds at 

15°*5 the value l-433 volt, using Kohlrausch’s (second) value of the electro-chemical 

'equivalent. 

Again (Amer. Journ. Sci., Nov., 1884) Mr. Carhart obtains P434 volt. This 

appears to correspond to a temperature of 18°. 

These results are satisfactory as tending to show that Clark cells may be set up in 

different places and by different hands so as to give nearly identical E.M.F. 
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XVIII. Influence of Change of Condition from the Liquid to the Solid State 

on Vapour-Pressure. 
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Communicated by Professor James Thomson, LLD., F.R.S. 
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[Plates 18, 19.] 

1. The object of this paper is to furnish an experimental proof of the theory advanced 

by Professor James Thomson (Brit. Assoc. Reports, 1871 and 1872, and Proc. Roy. Soc., 

vol. xxii., 27), that the pressure exerted by the vapour of a solid substance at a given 

temperature is less than that of the vapour of the substance in the liquid form at the 

same temperature. This theory was simultaneously brought forward by Kirchhoff 

>(Pogg. Ann., vol. ciii., p. 206). 

2. In confirmation of this theory, offered as a result of thermodynamic considerations 

and demonstrations, Professor Thomson made use of empirical formulas, devised by 

M. Regnault, to represent the different parts of the experimentally derived curve for 

expressing relationship between temperature and pressure of water-gas in contact with 

ice and with water ; and he showed that Regnault’s results, when rightly interpreted, 

pointed to a discontinuity in the curve, occurring at a temperature nearly coincident 

with 0°, the melting-point of ice under normal pressure. Although Professor 

Thomson’s conclusions bear remarkable testimony to the extreme accuracy of 

Regnault’s work, yet the differences of pressure in the case of water and ice are so 

minute as to require, for trustworthy determination, much greater refinement than 

Regnault’s methods admitted of. 

3. That Professor Thomson’s conclusions have not received general acceptance is 

best shown b}r the following translation from one of the most recent works on thermal 

chemistry, Naumann’s ‘ Thermochemie ’ (Brunswick, 1882), p. 178 :—“With naphtha¬ 

lene, a substance which is solid at 78°, when the temperature is raised, but when 

previously melted and cooled to 78° remains liquid, adhering in liquid drops to the 

walls of the vacuum-tube, I was able to observe that its vapour exerts the same pres- 
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sure whether evolved from and condensing to the solid or the liquid form. In accord¬ 

ance with these observations are former results of experiments on the vapour-pressures 

of ice and water, benzene, ethene bromide, acetic acid, cyanogen chloride, and carbon 

tetrachloride, all of which prove that in the passage of a substance from the solid to 

the liquid state no noticeable alteration in the curve of vapour-pressure occurs, but the 

curve preserves perfect regularity, both before and after the change.” 

4. In the following pages an experimental proof of the correctness of Professor 

Jas. Thomson’s theory will be given for camphor, benzene, acetic acid, and water. As 

these substances are representatives of very different chemical types, the law may be 

held to apply to all stable bodies in the liquid and solid states. 

5. From its high tension at the melting-point, camphor promised results which 

might be expected to throw light on this question. The experiment was performed 

as follows :— 

A barometer-tube was nearly filled with freshly distilled and filtered mercury, con¬ 

nected with a triple Sprexgel pump, and a vacuum established. The mercury was 

then boiled throughout the whole length of the tube, by heating it from below up¬ 

wards, with the flame of a Bunsen burner, so as to remove air and moisture. Dis¬ 

connecting from the pump, some fragments of previously fused pure camphor were 

placed on the surface of the mercury and kept in position by means of a coil of 

platinum gauze. The tube was again exhausted, and dry mercury was allowed to flow 

into the vacuous tube so as to cover the camphor and gauze. The tube was then dis¬ 

connected from the Sprengel pump, and inserted in a trough of dry mercury. By 

this means the entire absence of air and moisture was ensured, and the method is a 

more convenient one than that described in the paper which we had the honour to lay 

before the Society in June of last year, entitled, “ The Influence of Pressure on the 

Temperature of Volatilization of Solids” (Phil. Trans., 1884, p. 37). 

The experimental tube was heated by means of aniline-vapour. Having previously 

made a set of numerous determinations of the vapour-pressure of aniline at different 

temperatures, we were able, by regulating the pressure, to surround the barometer- 

tube containing the camphor with vapour at any desired temperature between 120° 

and 184°-5. 

It is not here necessary to give detailed observations of the vapour-pressures of 

camphor at lower temperatures ; suffice it to say that they confirmed those obtained 

by this, and by another method described in the paper already referred to. For the 

purpose of this memoir we shall confine ourselves to pressures at temperatures near 

the melting-point. 

6. The results were calculated according to the formulae :— 

P' = B— [b —/3— (/X 0-00018 L x}> and 

P=P' —(P'xO-000169 f) = (P'-P'lhf for t = 20°^j 

P=Pi ’essure of vapour in millimeters of mercury, reduced to 0°. 
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P' = Pressure of vapour in millimeters of mercury at temperature of room. 

B =Barometric height „ ,, ,, „ 

b = Height of mercury in experimental tube. 

/3 = Height of mercury in trough. 

pT — Pressure of mercury vapour at temperature T. 

T = Temperature of aniline-vapour. 

t = Temperature of room. 

t' =T—t. 

I =6-/3. 

Vapour-pressures of camphor. 

P'. B. b. P- lx 0-000181 t’. Pr P. T. State. 

95-2 764-7 702-8 27-2 9-0 2-9 94-9 136-0 Solid. 
152-6 645-1 28-8 8-7 4-5 1521 149-8 
274-9 520-0 31-7 6-4 7-9 274-1 168-0 
328-9 760-7 459-1 33-3 33 9-6 327-6 174-6 
351-8 764-7 441-3 33-7 4-7 10-0 350-6 176-7 
364-8 

760-7 
427-9 341 4-4 10-5 363-6 178-3 Liquid. 

372-5 414-0 34-3 21 10-6 370-3 178-9 
380-0 406-2 34-5 1-9 10 9 378-7 179-5 
387-2 399-0 34-8 1-7 110 385-9 180-3 
394-6 759-4 390-0 35-0 1-4 11-3 393-3 181-2 
395-3 760-7 390-5 35-0 1-5 11-3 394-0 181-3 
399-9 759-4 384-6 35-2 1-3 11-4 398-6 181-9 
402-1 382-5 35-2 1-3 11-4 400-8 182-0 
406'6 377-8 35-4 IT 11-6 405-3 182-6 
408-7 375-5 35-4 1-0 11-7 407-4 182-8 
414-1 370-0 35-6 0-9 11-9 412-8 183-4 
422-4 363-0 35-7 2-6 12-3 421-1 184-5 
595-2 750-2 176-7 40-0 1-4 19-7 593-2 198-7 

746-3 207-3 

For the last observation but one the tube was jacketed with the vapour of methyl 

benzoate boiling at 750'2 millims.; the last observation refers to the boiling-point of 

camphor under a pressure of 746‘3 millims. 

7. A graphic representation of the numbers obtained near the melting-point of 

camphor is given in the annexed curves. Curve No. I., Plate 18, gives a general 

representation of the vapour-pressures of camphor. Curve No. II. shows the vapour- 

pressures in the neighbourhood of the melting-point on an enlarged scale. It is to be 

noticed that the curves exhibit considerable irregularity about the melting-point, and 

that a prolongation of the portion above the melting-point would intersect the portion 

below the melting-point, as shown by dotted lines in Curve No. II. 

8. As our anticipations were so far fulfilled we proceeded to investigate the behaviour 

of benzene and of acetic acid. The measurements obtained by means of a barometer- 

tube were not sufficiently accurate for our purpose, and therefore we employed the 

method described in the paper previously referred to, by means of which it was shown 
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that the maximum temperature to which a solid, having free surface for evaporation, 

can attain is that at which its vapour pressure is equal to the gaseous pressure to 

which it is exposed during distillation. The apparatus was modified as described in 

§ 1 7 of that memoir. In reading pressures, parallax was avoided by the use of a 

mirror graduated in millimeters, standing vertically behind both gauge and barometer, 

and it was possible to read with confidence to the tenth part of a millimeter. (In 

testing this scale with a standard cathetometer by Mr. Darwin, of Cambridge, the 

greatest deviation observed was 0-026 millim. in a range of 200 millims.) Only two 

readings were required, and these involved no correction at low pressures. 

The cotton-wool having been moistened with benzene, the following readings were 

taken :— 

9. Vapour pressures of benzene. 

Temperature (corrected). Pressure (observed). Pressure (corrected). State. 

millims. millims. 
9-60 44'5 5 44-40 Liquid 
8-20 41'05 40-90 
632 37-20 3710 
4-50 33-30 33-20 
4*46 34-15 34-05 
4-08 33-45 33-35 
4-01 32-50 32-40 
3'60 32-65 32-55 
3-00 31-50 31-40 Solid 
2-98 32-00 31-90 Liquid 
2-60 30-00 29-90 Solid 
1-20 27-40 27-30 
0-90 26-80 26-70 

-0-20 25-60 25-50 
-1-28 23-40 23-40 
-1-72 22-35 22-35 
-2-80 20-80 20-80 
-3-77 19-60 19-60 
-4-80 17-90 17-90 
-5-21 17-60 17-60 55 

10. The boiling point of this specimen of benzene, which had been purified by 

recrystallization fifteen times and then carefully dried and fractionated, was 80" at a 

pressure of 755'7 millims.; it melted at 3°'3. From Professor V. Meyer’s recent 

researches, however, it is probable that it still contained thiophene. The results are 

graphically shown in the accompanying curve, and it is evident on first inspection that 

the solid-gas curve is not continuous with the liquid-gas curve. We were unsuccessful 

in our attempts to cool benzene appreciably below its freezing-point without its 

solidifying. 

11. As acetic acid promised favourable results in this respect we subjected it to 

experiment. 

The results are given in the following table :— 

For series IV., V., VI., VII., and VIII., a thermometer graduated in tenths ot 
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degrees was employed, and for series VII. and VIII. the barometer was refilled and 

again boiled out. It was easy to know when the acetic acid was solid and when 

liquid; for on lowering the pressure with liquid acid the temperature fell steadily 

and readings were taken, the pressure being kept constant for some time before each 

reading. As soon as the acid solidified, however, the temperature rose suddenly 

nearly to the melting-point, and then quickly fell to below its starting-point. Air 

was then carefully admitted to raise the temperature of the acid to near its melting- 

point, readings being taken from time to time ; and on pressure being reduced by 

means of the pump, readings of the vapour-pressure of the solid acid were again taken, 

during fall of temperature. 

12. VAPOUR-pressures of solid and liquid acetic acid. 

Series I. 

Temperature. Pressure. State. 

millims. 
27-2 16-8 Liquid 
22-4 12-9 
16'6 8-7 
13-2 6-9 Solid 
5-4 3-5 
3-7 2-8 11 

-0-6 1 95 11 

Series II. 

Temperature. Pressure. Sfate. 

millims. 
27'3 17-45 Liquid 
21-4 12-65 
16-75 10-45 
15-6 9-15 

Solid 15-4 8-75 

Series III. 

Temperature. Pressure. State. 

millims. 
14-2 8-3 Liquid 
12-2 6-05 Solid 

8-4 4-25 11 

7-2 4-05 11 

6-3 3-70 11 

1-85 2 "35 11 

-5-6 1-30 ” 

3 o MDCCCLXXXIV. 
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Series IV. 

Temperature. Pressure. State. 

millims. 
20T0 12-0 Liquid 
18-60 111 
15-50 9-1 5 5 
13-70 8-1 
12-30 7-3 5? 
10-70 6"75 

9-70 6-20 
8-72 4-60 Solid 
8-58 5-95 Liquid 

Series V. 

Temperature. Pressure. State. 

millims. 
15-15 8-40 Solid 
13-96 7-30 
11-70 6-15 
10-40 5-30 

8-50 4-35 
6-68 3-85 
5-32 3-3 55 

Series VI. 

Temperature. Pressure. State. 

millims. 
15-70 9-25 Liquid 

8-54 5-95 5? 

7-06 5-25 5 5 

6-30 5-00 5 5 

4-20 4-25 5? 

Series VII. 

Temperature. Pressure. State. 

millims. 

20-9 12-45 Liquid 
14-72 8-50 5 5 

14-39 8-45 55 

10-60 6-50 55 

713 5-40 55 

4'7o 4-75 55 

2-72 4-00 55 

11-39 5-75 Solid 
8-40 4-65 55 

7-09 4-00 55 
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Series VIII. 

Temperature. Pres-lire. State. 

millims. 
25'60 1595 Liquid 
22-05 13-05 
21-68 12-85 
19-20 11-05 
17-00 9-75 
16-41 9-45 Solid 
16-32 9-15 
16-20 9-10 
16-09 8-95 
15-80 8"85 
156 8-55 ■ 
14-9 8-55 Liquid 
14-85 8-00 Solid 
14-58 7-95 
14-30 7-20 
13-30 6-75 
12-60 6-65 
1210 6-05 

9-16 4-70 
6-41 3-75 
2-86 2-8 ” 

13. On inspection of the curves representing the above numbers (Plate 19), the 

truth of Professor Thomson’s theory is evident, for in the case of acetic acid, both 

the solid-gas curve and the liquid-gas curve have been obtained at temperatures 

below the melting-point. 

14. An attempt was next made to measure these differences by the barometric 

method. As it is important in such experiments to ensure complete absence of air, the 

methods of introducing the liquid into the barometer tube may here be noticed. In 

the first series, the following method was employed. The little apparatus a, Plate 18, 

%. l,was partly filled with acetic acid, and exhausted with the pump, so as to remove 

dissolved air. A straight barometer, boiled out as usual, was placed in position. 

The little apparatus was removed from the pump, the point was broken off under the 

mercury, in the trough in which the barometer-tube stood, and a l ittle of the acid forced 

up into the tube. There was a trace of air as large as a pin-point observable on 

slightly inclining the barometer-tube so as to bring the liquid to the top, which, 

however, was rapidly redissolved by the acetic acid. 

15. Various attempts were made to secure constant low temperatures, which could 

be rapidly varied at will. The apparatus shown in b, Plate 18, fig. 1, was found best to 

answer the purpose. The tube, serving as a jacket to the upper portion of the barometer- 

tube containing the acid, was half-filled with ether, through which a current of dry air, 

regulated by means of a stop-cock, was drawn by an injector. The temperature 

rapidly fell, and remained constant so long as the rate of the current of air was not 

altered. Hie uniformity of the temperature of the ether was ensured by the violent 

agitation caused by the bubbles of air. Fresh ether was admitted from time to time 
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through the funnel, to replace that which had evaporated. The temperature was 

registered by a thermometer graduated in tenths of degrees, shown in the figure. 

16. Series I. 

Temperature. Pressure. State. 

millims. 
19-4 11-0 Liquid 
10-7 5*9 55 

10-7 6-0 55 

13*2 8-0 
54 4*5 5T 

5'5 4-4 5 5 

1*7 3-4 
5-4 5*0 Solid 
1*7 3*8 55 

9-6 6-7 55 

13*2 80 55 

13*0 7*9 9 5 

17. These numbers in their irregularity resemble those given by Kegnault (Mem. 

de l’lnstitut, vol. xxvi.), and gave no indication of a difference in vapour-pressure 

between the liquid and solid states. 

Thinking that the higher vapour-pressures of the solid acid might be due to the 

liberation of the small amount of dissolved air during; solidification, another method of 

filling the tube was resorted to. 

For the second series the method adopted was that previously employed for camphor; 

after a plain barometer-tube had been boiled out, liquid acetic acid was introduced, 

and after exhaustion was frozen. Mercury was then admitted, and while the acid was 

still solid, the tube was inverted over mercury ; the acid on melting rose to the top. 

Even with this precaution a minute trace of air was still present. 

18. Series II. 

Temperature. Pressure. State. 

millims. 
15-9 9-3 Liquid 
18U 10-4 59 
16-85 9-6 
16-3 9-3 
15-7 9-1 
12-3 6-3 

7-7 51 55 

1-6 4-0 Solid 
4-7 5-1 59 

11-9 7-8 >1 
13-4 8-3 5 5 
8-7 6-3 95 
5-55 51 95 

4*6 5-0 55 

1-5 41 55 
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19. As these results were still capricious the tube was filled by a third method, which 

ensured complete absence of air. The shape of the barometer-tube was modified, as 

shown in c, Plate 18, fig. 1. The tube, after exhaustion, was filled to within about an 

inch of the branch, and boiled out as usual. Air was then admitted, and about 1 cubic 

centimeter of acetic acid was introduced. The tube was again exhausted, and the 

acetic acid was gently warmed, so that its vapour might expel the last traces of air. 

While the pump was in action, mercury was admitted, the tube being placed in such 

a position that the acetic acid rose into the closed end of the tube near the junction. 

Disconnecting from the pump, the tube was inverted in mercury, when the acetic acid 

rose to its upper end. The absence of air was so complete that the liquid adhered for 

some time to the top of the tube, the mercury standing at several centimeters above 

the barometer level, and falling only after being violently shaken. This series includes 

only a few measurements below the melting-point, the majority being taken at higher 

temperatures for a different purpose. 

20. Series III. 

Temperature. Pressure. State. 

millims. 
14-95 8-5 Liquid 

4-30 4-5 Solid 
10-80 6-7 5 J 

In this series it was found impossible to prevent the solidification of the acid below 

the temperature 14°‘95, and as the results with the solid were still capricious the 

experiments were not continued. It may be mentioned, however, as a proof that no 

air was evolved during solidification, that after the acid in contact with the mercury 

had frozen, the mercury adhered to the solid even after lowering the level of the 

mercury in the trough. 

21. It may be remembered that Pegnault attributed his discordant results to the 

presence in his acetic acid of water, or of acetone, the former causing too low, the 

latter too high vapour-pressures. The acid which we used for these experiments was 

a portion of a stock of glacial acid, obtained for laboratory purposes several years ago. 

The liquid portion had been poured off from time to time, as required for laboratory 

use; a very complete series of fractionations has thus unwittingly been carried out, 

and it is now so pure that, at temperatures slightly below its melting-point, it is com¬ 

pletely solid. This acid was fractionated; a portion containing water came over 

below 1I9°T (pressure =750'3 millims.) ; but after this temperature had been attained 

the whole of the liquid distilled with absolute constancy. Fractions were taken as 

required from time to time, as the liquid was found very apt to absorb moisture. The 

purity of this acid is best guaranteed by the absolute concordance of the determinations 

of vapour-pressures by the distillation method already given, as well as of those at 
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higher temperatures which form part of another investigation. The melting-point- was 

found to be 16°’4. 

22. In all these determinations of vapour-pressures by the barometer-tube method, 

the atmospheric pressure was ascertained by a barometer standing in the same trough 

as the experimental tube, and jacketed with flowing water at constant known tempera¬ 

ture. The heights of the mercury in both tubes were read by a mirror-scale standing 

vertically behind them, and were corrected to zero. When necessary, corrections for 

capillarity were applied, but when possible, wide tubes, of approximately the same 

diameter, were employed. 

As every care was taken we are unable to offer any explanation of these capricious- 

results ; they serve at least to account for Regnault's wTant of success in his attempt 

to solve this problem. 

23. Etliene dibromide was next experimented on, as it was one of the substances 

chosen by R-egnault to decide this question. The new method was employed with 

the following results. The liquid was not quite pure, boiling from 130°-132°. 

Temperature. Pressure. State. 

millims. 
-1-7 1*35 Liquid 
-F9 1-25 
-1-9 1-35 Solid 

Owing to the extremely low pressures, the differences were too small to be measured. 

24. Regnault states that he experimented on carbon tetra-chloride in the solid and 

liquid states. We found no sign of solidification even at —25°, and the bod}’ was 

therefore rejected as unsuitable for our purpose. 

Vapour-pressures of liquid and solid water. 

25. After devising the vapour-pressure apparatus we tested its accuracy by deter¬ 

mining the vapour-pressures of ice and water between —15°'9 and 100°. The results 

agreed well with those calculated by means of Regnault’s formulas; the minute 

differences, however, were not carefully noted at the time, flaving acquired by the 

previous experiments the necessary dexterity of manipulation and accuracy in reading, 

we proceeded to the determination of the vapour-pressures of water and ice at low 

temperatures, which, on account of the extremely small differences to be observed, 

offers greater difficulties. It was first attempted to devise some means of measuring 

accurately small differences of pressure. One device was the use of a barometer and a 

gauge, of the ordinary diameter, to the upper ends of which were sealed narrower tubes 

bent almost at right angles, the bent portions lying in a nearly horizontal position, so 

that a slight alteration of pressure would produce a flow of the mercury through a 
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considerable length of tube. Another was the use of a glycerine barometer and 

gauge. A third was to suspend the barometer and the gauge from the arms of a 

balance, while the lower ends dipped into two troughs communicating with each other. 

The diameters of the tubes being known, the difference in level could be ascertained 

by a difference in weight. This last method promised success, but it was abandoned 

in favour of a much more simple one. 

26. The principle of this method is to observe the temperatures of both ice and 

water while at the same pressure. Absolute accuracy in reading pressure is, as will 

hereafter be shown, not essential. The apparatus by which this was accomplished is 

shown in Plate 18, fig. 2. 

A and B are the two thermometers, graduated in tenth-degrees, the bulbs of which 

are covered with cotton wool. The arrangements for introducing liquid, so as to 

moisten the cotton wool, are similar to those already described. The two vertical 

tubes dipped in water, the temperature of which was maintained at 35°-40°. The 

condenser differed but slightly from that previously used. The altered position of the 

exit tube C was found to be more favourable to condensation. The arrangement of 

the gauge and barometer is also shown in the figure. In order to ensure that the 

diameter of the gauge was the same as that of the barometer, the portion of the gauge 

D and the top of the barometer tube E were taken from adjacent portions of the same 

tube. The divisions on the mirror scale F were extremely fine, and an attempt was 

made to read to half-tenths of millimeters, with what success will be seen hereafter. In 

reading pressures, the level of the mercury in the trough was frequently altered, so as 

to avoid reading only at one part of the scale. As a rule, the mean of several readings 

is given. In order to facilitate exhaustion, the gauge was connected by means of a 

T-tube with a Carre’s air-pump, as well as with a Sprengel pump, the former serving 

as a rough and the latter as a fine adjustment. In these experiments, after exhaustion 

by the Carre pump, the lead tube connecting that pump with branch G of the 

T-tube was removed, and this junction served to admit air when desired. The india- 

rubber tubing, which was specially made for the purpose by Messrs. Thornton, of 

Edinburgh, was very thick-walled, so as to avoid collapse on reduction of pressure, 

and was impervious to air. The india-rubber corks through which the thermo¬ 

meters passed were coated with paraffin. These precautions prevented any leakage 

whatsoever. 

As before, a freezing mixture of pounded ice and hydrochloric acid surrounded the 

condenser. 

27. Three thermometers were used, A and C by Negretti and Zambra, B by 

Cetti. Their zero-points were first determined, and a careful comparison of the scale 

below 0° was made by placing them in position, freezing water on the cotton wool 

covering both bulbs, and altering pressure. In this comparison both thermometers 

were under the same pressure, and the volatilizing point of ice being solely dependent 

on the pressure, both thermometers were under precisely the same conditions, and 
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must therefore register the same temperature. It was found that the two thermo¬ 

meters by Negeetti and Zambra agreed throughout as to the length of their 

divisions; and a curve was constructed, showing the relation of the degrees on 

thermometer B to those of A. 

28. It is worth recording that the zero-points of all the thermometers were lowered 

on reduction of pressure, but to very different amounts. The readings under atmo¬ 

spheric pressure of thermometers A and C, when placed in ice, being taken as identical, 

it was found that in a vacuum thermometer C stood 0o-5 lower than A. A similar 

phenomenon has been observed by Mills. After coating thermometers with metals 

electrolytically, he noticed that the deposition of zinc and cadmium lowered the zero- 

points of his thermometers from 0'27 to 0’75 degree, while copper raised the zero-point 

in one case as much as 14’70 degrees (Proc. Boy. Soc., vol. 26, p. 504). Mills made a 

comparison of this effect with that produced by raising or lowering atmospheric pressure. 

The following table shows a comparison of thermometers A and B, by the method 

already mentioned :— 

Number of experiments, 
mean of. 

Temperature of A. Temperature of B. Difference. 

O O O 

4 -2-82 — 3 16 0-34 
1 372 4T0 0-38 
3 4-66 -5-06 0-40 
2 5-06 5-53 0-47 
2 + 0-10 0-21 0-31 
2 0Y5 0T7 0-32 
2 -2 33 2-68 0-34 
1 362 4-04 0-42 
1 1-80 2-18 0-38 
1 2*92 3-34 0-42 
1 3-87 4-30 0-43 
4 4-59 5-09 0-50 
3 4-35 4-77 0-42 
2 4-93 5-38 0-45 
1 0-66 TOO 0-34 

The extreme variation in difference amounted to 0°T9. The difference was found 

to increase with fair regularity as the temperature fell. 

30. From these numbers the following table was constructed by the graphic 

method:—Zero-points of A and B under the same conditions were respectively 

-|-0oTl and —0°'21. A and C (of which the zero-point had been raised to 7°'23 for 

convenience of reading) were found to be identical throughout, hence then’ readings 

were accepted as correct, while those of B were corrected as given in the table 

below :— 
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Temperature. Difference between A an<l B. Correction for B. 

O O O 

0 032 021 
-1 0-34 0'23 
— 2 0-37 0'26 
-3 0-40 0-29 
-4 0-42 0'31 
— 5 O'45 0'34 

31. A comparison of thermometers A and C was made before and after the experi¬ 

ments. They were first placed in melting ice, when A read 0o,18 and C, which had 

been altered in order to secure greater range, 7°‘65. In vacuo the zero-points of 

these thermometers were 0°T1 and 7°'10 respectively. Thus thermometer A fell 

0o-07, while C fell 0o,55, the difference being 0o,48. This was repeated after the 

experiments described in Series II., when A placed in melting ice read 0o-23, and 0 

7°‘72, and in vacuo 0°'17 and 7°T 3 respectively. Thus A fell 0o,06 and B 0°‘59, the 

difference being 0°'53. This agrees with the comparison of the two thermometers at 

the atmospheric pressure and in a vacuum. At the same time, other readings of 

thermometer C were somewhat variable, and it was therefore deemed advisable to 

assume that the zero-point of C in Series II. was 7°'23. That this is so is shown by 

the fact that, taking this number as correct, the differences between the two thermo¬ 

meters disappeared at 0°. But even if 7°T3 were accepted as the zero-point of C it 

would not materially affect our results. 

32. The experiments were conducted in the following manner:-—-Water was admitted 

so as to moisten the cotton-wool of both thermometers. Air was then removed as far 

as possible by means of the Caere pump ; it was then disconnected. The condenser 

was next cooled, when the temperature registered by both thermometers quickly fell 

to about —5°. Solidification then took place, the temperatures rapidly rising to 0C, 

and quickly falling again. The freezing-mixture was then removed, and a little 

air introduced, and one tube was jacketed with hot water. Both thermometers 

remained stationary at 0° for some time ; the one which was warmed was allowed to 

rise to about +15°; the other thermometer remained below +3°. The freezing- 

mixture was then replaced, and air was slowly removed by the Sprengel pump. 

Under these circumstances it invariably happened that ice was formed on that 

thermometer, the temperature of which had not risen above 3°, as soon as the pressure 

fell below 4'6 millims., while the water on the other thermometer could be cooled to 

— 5 without freezing by slowly reducing pressure. At a temperature between —5° 

and —6° it always froze. Between —5° and —0°, therefore, it was possible to obtain 

comparative readings. 

33. In the tables which follow all the readings are given, except some preliminary 

ones made before the method of manipulation had been learned. 

3 p MDCCCLXXXJV. 
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Series I. 

A. B. Mean of A. Mean of B. A corrected 
(ice). 

B corrected 
(water). 

Difference. Mean pressure. 

Observed. Calculated. Observed. Calculated. 

o O O O O O O O millims. millims. 
f —2-08 -2-69 

i -2-01 -2-61 -2-00 -2-61 -211 -2-35 0-24 0-28 3-80 3-88 
-1-92 -2-54 

r -3-20 -4-00 
L -316 -3-94 -3-18 -3-97 -3-29 -3-67 0-38 0'46 3-50 352 
r -3-42 -4-24 

1 L -3-39 -4-21 -3'40 —4-22 -3-51 -3-92 0-41 0-50 3-25 

C
O

 

r-4-i2 -5-07 
-4-10 -5-04 

■< -4-03 -5-00 -4-07 -5-03 -4-18 -4-71 0-53 0-62 3-20 3-26 
-4-07 -5-02 

^-4-04 -5-01 

Series II. 

A. c. Mean of A. Mean of C. 
A corrected (J corrected 

Difference. Mean pressure. 

(ice). (water). 
Observed. Calculated. Observed. Calculated. 

o 0 millims. millims. 

J 

-3-34 
-3-52 

+ 3-09 
+ 2-95 

-3-51 -4U4 0-63 0'5o — -* 

-3-32 + 3-15 -3-42 + 3-05 -3-59 -4-18 0-59 0-56 3-62 3-40 
-2-80 

f -2-26 
+ 3-84 
+ 4-40 

-2-97 -3-39 0*42 0-43 3-77 3*60 

1 -2-14 
f -P79 

+ 4-51 
+ 4-96 

1 to
 

to
 

o
 

+ 4’45 -2-37 -2-78 0-41 0-35 3-95 376 

] -1-70 + 5-05 -1-74 + 5-00 -1-91 -2-23 0-32 0-27 4-17 3-92 

J 
-1-12 

r -0-82 
+ 5-67 
+ 6-15 

-1-29 — 1*56 0-27 0*20 4-17 4Y2 

1 
J 
-0-83 
-0-07 

+ 6-15 
+ 6-95 

-0-83 + 6*15 -1-00 -1-08 0-08 0-16 4-30 4-26 

[ -0-05 + 6-98 -0-06 + 6-96 -0-23 -0-27 0-04 0*04 — — 

-0-03 + 7-00 -0-20 -0-23 0-03 0-03 — — 

-o-oo + 7-05 -0-17 -0-18 o-oi 0*02 — — 

+ 0-02 + 7-08 —0T5 -0-15 o-oo 0-02 — — 

+ 0-05 + 7-10 -0-12 -013 o-oi o-oi — - - 

+ 0-10 + 7-15 -0-07 -0-08 o-oi o-oi — — 

+ 0-13 + 7-20 -0-04 -0-03 -o-oi 0*01 — — 

+ 0-17 + 7‘25 o-oo + 0-02 -0-02 0-00 — — 

+ 0-17 + 7-30 o-oo + 0*07 -0-07 o-oo — — 

+ 0-17 + 7-35 • • o-oo + 0-12 -0*12 o-oo — 

34. As the differences between the vapour-pressures of ice and of water given 

in the previous tables are generally greater than those calculated by Professor 

Jas. Thomson from Regnault’s empirical formulae, we proceeded to calculate the 

theoretical curve by the method given by Professor Thomson, which may be expressed 

by the formula 
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vapour-pressure of ice at (t— 1) = P,i—(P^— PV-i) 

where P = vapour-pressure of ice. 

Iy = „ ,, water. 

Hv = heat of vaporization of water. 

HF = „ fusion of ice. 

t = temperature of ice. 

hY.+iiYA 
HY, 

The formula devised by Regnault for vapour-pressures of water between 0° and 

100°, was held to apply to temperatures as low as —15°. Even if this is not strictly 

correct, the alteration in the differences between the vapour-pressures of water and 

ice would be inappreciable. 

35. In calculating the results the following data were employed :—■ 

(I.) Heat of vaporization of water at 0° = 606"5 calories (Regnault). (Hv.) 

„ „ „ -0°-5 = 606-85 

„ „ „ — L°'5 = 607'55 

and so on, increasing by 07 calorie for each degree. 

(II.) Heat of fusion of ice at 0° =79-15 calories (Regnault). (Hf.) 

„ „ „ — 0o'5 = 78'90 „ 

„ „ „ -l°-5 = 78-40 „ 

and so on, decreasing by 0"5 calorie for each degree. 

(III.) Specific beat of ice, 0'5 calorie (mean of various experiments). 

(IV.) Ratio of difference of pressures for 1° of vapours of ice and water. 

The ratio between 0° and —1° was calculated thus : 

Between --1° and — 2C 

606- 85+ 78-90 

606-85 

607- 55 + 78-40 

= 1-130. 

= 1-129, 
607"55 

and so on. 

(V.) Vapour-pressures of water from Regnault’s empirical formula 

log e=cid-b.ct!—c./T, between 0° and —16°. 

(It is noteworthy that the curve representing results calculated by Magnus from 

his own observations for temperatures below 0° runs parallel to that here given, with 

a difference varying between 0'075 and 0'08 L millims.) 

3 p 2 
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Temperature. Pressure. Temperature. Pressure. 

m llims. millims. 
0 4'600 - 9 2 365 

-1 4-281 -10 2190 
— 2 3-983 -11 2-027 
-3 3703 -12 1-875 
-4 3-441 -13 1-734 
— 5 3-196 -14 1-602 
— 6 2-966 -15 1-480 
— 7 2-752 -16 1-366 
-8 2-552 

36. The vapour-pressures of ice and water may be taken as equal at 0°. The 

vapour-pressure of ice at —lc is calculated as follows 

(1.) Difference between vapour-pressure of water at 0C and at — 1°, =4’600 —4"281 

= 0’319 millim. 

(2.) This difference, multiplied by the ratio between 0° and —1°, =0'319xlT30 

= 0'361 millim. 

(3.) Vapour-pressure of ice at 0° — difference of pressures between (Band —lc, = 4'600 

— 0'361 = 4"239 millim. 

In this manner the theoretical vapour-pressures of ice from 0° to —16“ were 

calculated. 

37. In the table below, under column A, are given the theoretical vapour-pressures 

of ice, calculated as above, and B gives results calculated by means of Regnault’s 

empirical formula E for temperatures between 0° and —32°. 

Temperature. 

Pressure. 

A. B. 

millims. millims. 

°0 4-600 4-600 
- 1 4-239 4-263 
_ 2 3-903 3 941 
- 3 3-587 3 "644 
- 4 3-292 3-368 
- 5 3-016 3113 
— 6 2-757 2-876 
— 7 2-516 2'65S 
- 8 2-292 2-455 
- 9 2-082 2-267 
-10 1-886 2-093 
-11 1-704 1-933 
-12 1-534 1-783 
-13 1-376 1-646 
-14 1-229 1-518 
—15 1-093 1-400 
-16 0-966 1-290 
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38. We have previously mentioned that in order to test the accuracy of our new 

method of determining vapour pressures, a careful set of determinations was made of 

the vapour-pressures of ice and water. The slight differences between the results 

obtained and those given in Pegnault’s tables were considered at the time to be due 

to experimental error, for they were so small as to appear insignificant. On comparing 

these results, however, with the curve calculated from theory, it was found that they 

much more nearly coincided with it, than with P,egnault’s curve. As they afford a 

striking confirmation of the results already given, they are here appended. 

Temperature (corrected). Pressure (observed). 
Pressure calculated 

from theory. 
Pressure calculated 

from Pegnault's formula. 

millims. millims. millims. 

- 2'6 37 3708 3’75 
- 3-7 3'2 3-378 3-45 
- 5-6 2-85 2-856 2-96 
- 67 275 2-580 2-72 
- 97 1-95 1-942 2-13 
-111 1-65 1-688 1-90 
-13-3 1-45 1-330 1-60 
-15-2 1-25 1-066 1-38 
-15-9 1-00 0-980 1-29 

39. Description of the curves (Plate 19). 

No. I. Acetic acid. Curves drawn to follow the experimental results. 

(a) Vapour-pressure of liquid acid. 

(b) „ „ solid acid. 

No. II. Water and ice. 

(a) Curve for water calculated by PtENAULTS formula for pressures between 

0° and 100°. 

(b) Theoretical curve for ice, calculated from (a). 

Our results for water are given as coinciding with (a), for it was assumed that 

the temperature of the thermometer surrounded by water was correct. 

This was done, for the object was to show differences of temperature 

at certain points in the curve, rather than the absolute relationship 

between temperature and pressure at any one point. 

No. III. (a) Theoretical curve for ice. 

(b) Curve from Plegnault’s tables. 

(c) Curve for water as in (II.). 

The crosses denote the observations given in § 38 ; the circles the observations 

for ice given in § 33. 

40. In the foregoing pages it has been proved : (l) that with camphor and benzene, 

the former in a barometer tube, and the second in the “still,” the curve representing 

vapour-pressure of liquid above the melting-point is discontinuous with that of the 

solid below the melting-point: (2) that acetic acid shows this difference in a very 
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marked manner; and that, indeed, the curves representing vapour-pressure of solid 

and liquid below the melting-point are quite distinct: and (3) that, with water, as 

Professor Thomson predicted, this difference is calculable from the known heats of 

vaporisation and fusion. It is to be regretted that similar data as regards acetic acid 

are not sufficiently complete or reliable to enable a similar calculation to be made. 

Addendum. 

A neiv method of determining vapour-pressures of solids and liquids. 

As this method has been fully described in this and in a previous paper (Phil. Trans., 

1884, Part I., p. 37) it will not be necessary to enter into a detailed description of it. 

Our experience of the method has shown us that the results which it gives are more 

trustworthy, as well as more easily obtained than those which the older method 

yields ; hence it may be well to point out its advantages. 

1. There is no necessity to heat the whole apparatus to a known and uniform 

temperature. It is only necessary that the temperature of the bath should be kept 

30° to 40° higher than that registered by the thermometer. 

2. The temperature of the gauge and barometer are the same, and involve only a 

simple and small correction for the temperature of the column of mercury. The 

vapour-pressure of mercury is not introduced. 

3. The gauge and barometer stand in the same trough, which may be placed at a 

distance from the still, and hence they are not subject to change of temperature. 

4. The readings are more accurate, because the gauge and barometer need not be 

jacketed, and the scale may be placed immediately behind them. 

5. The very great difficulty of filling an experimental tube, so as to ensure absence 

of air and moisture, is avoided. 

6. In our apparatus, the temperature is dependent on the pressure, instead of the 

pressure being dependent on the temperature, and the pressure may easily be reduced 

or increased at will, and is of necessity constant throughout the whole apparatus. 

7. A very much larger number of observations may be taken in the same time, and 

the influence of the errors of experiment, themselves much smaller, is thereby 

greatly reduced. 

8. The labour involved in applying the corrections necessary when a barometer 

tube is used is avoided. 
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XIX. A record of Experiments on the Effects of Lesion of Different Regions of the 

Cerebral Hemispheres. 

By David Ferrier, M.D., LL.D., F.R.S., Professor of Forensic Medicine in King’s 

College, and Gerald F. Yeo, M.D., F.R.C.S., Professor of Physiology in King’s 

College, London. 

Received January 19,—Read January 24, 1884. 

[Plates 20-36.] 

Prefatory Note. 

The facts recorded in this paper are partly the results of a research made conjointly 

by Drs. Ferrier and Yeo, aided by a grant from the British Medical Association, and 

partly of a research made by Dr. Ferrier alone, aided by a grant from the Royal 

Society. 

It has been considered convenient and advisable to publish the results together, 

more especially with the view of contrasting the different effects of lesions of different 

parts of the brain established under similar conditions. 

The conjoint experiments are distinguished by an asterisk. Of these alone joint 

authorship is to be understood. A preliminary account of some of these has already 

been given by the authors:—at the meeting of the British Medical Association at 

Cambridge in 1880, and at the International Medical Congress in London in 1881. 

The experiments are here related in detail. 

The number of illustrations which accompany the paper is large, but this is con¬ 

sidered necessary, as the text is mainly a short description and simple comment on 

the effects of the lesions delineated. 

The illustrations have for the most part been executed by Dr. Ferrier, and consist 

of photographs taken, with few exceptions, direct from the brains after hardening in 

spirit or bichromate solution, and of sun-prints [direct from the sections used as 

negatives], and microphotographs of sections made by him. 

The authors here desire to express their grateful thanks to Mr. J. M. Thomson, 

Demonstrator of Chemistry in King’s College, for much assistance in photography, 

and to Messrs. Groves and Brooks, Demonstrators of Physiology in King’s College, 

and to their pupils Messrs. East, Le Maistre, Norvill, Porter, Turner, and others 

for valuable aid rendered in various ways and at different periods in the course of the 

investigations. 
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Introduction. 

The subjects of the following experiments were exclusively Monkeys, mostly species 

of Macacque. 

The animals were in all cases thoroughly narcotised with chloroform, and kept in a 

state of complete anaesthesia during the whole of the operative procedure. 

The lesions were made as a rule by means of the galvanic cautery. Occasionally 

the ordinary cautery was employed where the other was inconvenient. 

All the operations were carried out under antiseptic precautions. These and the 

modes of dressing the wounds have been described by the authors elsewhere and are 

not entered into here. 

SECTION I, 

Lesions of the Angular Gyri and Occipital Lobes. 

Experiment 1* (Plate 20, fig. l). 

In this animal the left occipital lobe was exposed and entirely severed and removed 

in a line parallel with, and -^ths of an inch posterior to, the parieto-occipital fissure. 

The left eye was bandaged, and the animal left to recover from its stupor. 

An hour after the operation it was able to sit up, but it was very prostrate, and 

unwilling to move. 

Next morning it was found to have torn off all the dressings, and the wound was 

discharging freely. The animal was however very lively and ate heartily. No affec¬ 

tion of vision could be made out. It thrust its hands through the bars of the cage to 

lay hold of things offered it, and it did so with its right hand to seize a piece of potato 

held to its right front. There seemed therefore to be no right hemiopia. 

Some hours afterwards the animal was allowed to run about the laboratory, which it 

did in every direction, passing among chairs, tables, and other articles of furniture 

without ever once knocking its head on one side or the other. 

A slight degree of awkwardness was observed at this time in the movements of the 

right hind leg, which had not been observed before. 

Nothing else of importance was noted during the next two days except an increase 

in the weakness of the right leg. There were signs of inflammation and hernia cerebri, 

and the animal became comatose and died on the fifth day after the operation. 

Post-mortem examination —-The edges of the incision of the scalp had not united, 

and at the posterior extremity a portion of reddish fungus cerebri was protruding. 

On removal of the scalp the opening in the left occipital region was found to be filled 

with a protruding fungus, and on removal of the dura mater the whole convexity of 

the left hemisphere was seen to be intensely congested, A less degree of vascularity 

also existed on the right side. 

There was some degree of congestion and exudation also at the base. 
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The margin of the fungus cerebri of the left hemisphere, which bulged considerably 

above the level of the rest of the tissue, corresponded very closely with the position of 

the parieto-occipital fissure, the posterior limb of the angular gyrus merging gradually 

into it (see Plate 20, fig. 1). 

The posterior angle of the postero-parietal lobule formed part of the fungus. 

Remarks.—This, the first of the series, was an unsuccessful experiment as regards 

antiseptics, owing to the dressings not having been fixed in such a manner as to 

prevent their being torn off by the animal. Owing to this, though the dressings were 

re-applied, and the wound v/as treated on the most approved surgical principles, 

meningo-encephalitis and death occurred. 

The case however shows that, notwithstanding the almost entire removal of one 

occipital lobe, vision was not appreciably affected ; inasmuch as the animal was able to 

run about and avoid all obstacles on either side, and also to pick up things on either 

side, and with either hand : actions which would not be consistent with the existence 

of hemiopia on one side or the other. 

The weakness of the right leg can be accounted for by the implication of the cortex 

and medullary fibres of the postero-parietal lobule in the inflammatory softening of the 

fungus cerebri. 
Experiment 2* (Plate 20, figs. 2 and 3). 

In this animal—a small Baboon—both occipital lobes were exposed by a trephine 

opening in each occipital region f inch in diameter. With the galvanic cautery a 

deep incision was made in each occipital lobe at right angles to the longitudinal axis, 

the cortex and medullary fibres being broken up and disorganised so far as the 

trephine openings permitted, to the depth of an inch or more so far as could be 

judged. 

Within an hour the animal was able to run about the laboratory, and being near 

some hot pipes, it stretched out its hands, seized the top pipe, and climbed up. 

Within two hours it was quite lively and active, responded when whistled to, and 

took things offered it without hesitation. 

Two hours and a quarter after the operation the animal, which had been sitting 

on a ledge—to which it had climbed—eating a potato, jumped down after finishing it, 

and took possession of another piece which had been laid on the table some time 

previously. 

There was therefore no question as to the animal’s vision. 

Next day the animal was in all respects normal, active and vivacious, curious as to 

all within its reach, and very expert in catching flies buzzing about. It showed signs 

of liking the smell of bergamot, made grimaces over acetic acid, and spat out a piece 

of potato which had been smeared with aloes. Motor powers and tactile sensibility 

were unimpaired. 

This animal continued in perfect health, and was noted for its fun and tricks, and 

domineering over all its companions. 

MDCCCLXXXIV. 3 Q 
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Sis months after the operation on the occipital lobes, the prefrontal regions were 

similarly exposed and broken up with the galvanic cautery—the lesions being made, 

so far as could be determined, in the region of the middle frontal convolution anterior 

to the antero-parietal or pre-central sulcus. 

In less than an hour the animal began to move about, though in a somewhat 

sleepy and listless manner. 

An hoar and a half after the operation it was able to walk about quite well, and 

took a piece of apple offered it. Left to itself it shut its eyes and seemed asleep, but 

if called to it opened its eyes momentarily, but subsided again. 

An hour subsequently it still maintained the same dull and listless attitude, though 

when called to it would brighten up for a moment. It jumped down eagerly to seize 

a piece of apple thrown into its cage, but having got it, remounted its perch and went 

to sleep holding the apple in its hand. 

Next day the condition was much the same. The animal would wander about 

vacantly, or occupy itself picking among the rubbish in its cage. 

Watched from day to day, it exhibited no defect as regards any of its movements, 

ocular or otherwise, or as regards any of its sensory faculties, which were tested in 

various ways. Only its manner seemed changed, and this was noted by all who had 

seen its former vivacity. It lost all its fun and trickiness, seemed not to know 

its name, took little or no interest in its companions, and was very easily cowed by 

them. Its physical health was excellent, and it enjoyed its food heartily. Psychically 

only it had undergone appreciable change and degradation. 

In this condition it continued for the next three months, when it was killed with 

chloroform. 

Post-mortem examination.—The brain was everywhere normal, except in the pre¬ 

frontal and occipital regions corresponding to the openings in the cranium above 

described. These -were covered by membrane continuous with the dura mater and 

adherent to the brain beneath. 

The occipital lobes were each the seat of a depression and loss of substance, the 

cicatrices of the destructive lesions inflicted on them (see Plate 20, fig. 2). These 

were almost symmetrical and occupied the convexity of each occipital lobe about a 

centimetre in extent and depth, parallel, and ^ inch posterior to the parieto-occipital 

fissure. 

In each prefrontal lobe there was a more or less circular cicatrix, somewhat larger 

on the right than left, and measuring '5 — -75 centimetre in diameter, the centre of 

which appeared to correspond with the middle of the middle frontal convolution. 

But there was an evident distortion of the convolutions which seemed to be caused 

by a contraction towards the centre of the cicatrices, and this to such an extent as to 

tilt the orbital surface upwards and forwards. This condition is seen in the photo¬ 

graph, where the slight shadow indicates the orbital aspect of the frontal lobes. The 

cicatrices, which sunk to a depth of half a centimetre or more (Plate 20, fig. 2), measured 
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half a centimetre in diameter—more on the right than left—instead of three-quarters 

of an inch, the original extent of the lesion. The greater portion of the middle and 

inferior frontal convolutions had been destroyed. 

The caudate nuclei were uninjured, as also the rest of the brain. 

Remarks— This case shows that lesions may be made simultaneously in both 

occipital lobes without any perceptible impairment of vision, or other defect. Not¬ 

withstanding the subsequent considerable destruction of the cortex in both prefrontal 

regions, there was no perceptible physiological defect either as regards motion or 

sensation, general or special. 

Further observations on the effects of lesions of the prefrontal regions will be 

found detailed in Section IV. In this case a psychological alteration was very 

evident but difficult to define, shown more particularly in listless apathy, contrasting 

strongly with the previous vivacity and active curiosity which characterised the 

animal. 
Experiment 3“ (Plate 20, fig. 4). 

In this case the right angular gyrus was exposed, and the cortical matter of the 

convexity of both limbs was destroyed by the galvanic cautery. 

After the narcotic stupor had passed off, the eyes were observed to be both widely 

open, the pupils small and equal, and the conjunctival reflex equally distinct on both 

sides. 

Both eyes were left open and the animal left to itself. For an hour it seemed quite 

disinclined for exertion, but at the end of this time began to move about, occasionally 

replying to grunts from its companions. 

A quarter of an hour afterwards it put out its hand to take a piece of apple offered 

it, but seemed to be uncertain as to the exact position and distance. 

An hour after this the right eye was bandaged. The animal seemed then very 

unwilling to move, and when it did, knocked its head on several occasions against 

some obstacle, and sat down. When placed in its cage it would do nothing but lie 

down. After this had been observed for a quarter of an hour the bandage was 

removed from tire right eye, whereupon the animal began to look about, and though 

it would not run about the laboratory very freely, when placed in its cage it at once 

jumped on to a hot-water pipe which ran along the back of its cage and remained 

there. 

Next day the animal seemed perfectly well, and took things offered it with the 

utmost precision. 

The right eye was then bandaged, but though the animal seemed to dislike the 

bandage, and would not run about spontaneously, it did so when urged, and showed 

no signs of impairment of vision, passing obstacles on every side without hesitation or 

knocking its head. It was able also to lay hold of things offered it on either side. 

Similar observations were made on the following day, and with precisely the same 

results. 

3 Q 2 
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On the next day the left eye was bandaged, but there was no sign of impairment 

of vision in the right eye. 

The animal died eighteen days after the operation, the weather being intensely cold, 

and the temperature of the laboratory having sunk very low, from defect in the heating 

arrangements at the time. 

Post-mortem examination.—The scalp wound was healed, and there were no signs 

of hernia cerebri or inflammation. 

The brain was injured by the saw during removal, as seen in the photograph 

(Plate 20, fig. 4). 

The brain was everywhere normal except in the region of the right angular gyrus. 

This, as seen in the photograph, had the cortical substance eroded and disorganised 

over the convex aspect of both limbs. The depth of the lesion was comparatively 

slight, and the grey matter of the sulci separating the angular gyrus from the adjoining 

convolutions was not injured. A thin strip of uninjured cortical substance formed the 

posterior boundary of the intraparietal sulcus. 

Remarks.—In this case of unilateral lesion, not amounting to entire destruction of 

the angular gyrus, there was a temporary impairment of vision, after the animal had 

otherwise entirely recovered its other faculties and powers. 

At first, when both eyes were open, the defect was shown in inability to realise the 

exact position of objects. But when the right eye was closed, it was seen that vision 

was specially defective, if not for a time entirely abolished, on the side opposite the 

lesion. 

Next day no defect could be ascertained, either amblyopic or hemiopic, and the 

animal was in all respects apparently perfectly normal. 

Experiment 4* (Plate 20, figs. 5 and 6). 

In this animal the left angular gyrus was exposed and cauterised on the convexity 

so as to destroy the grey matter of the two limbs of this convolution. By the time 

the dressings were applied the animal was awake, keeping both eyes open, and looking 

about. The left eye was then securely closed, and the animal left to itself. After a 

few minutes it got up and began to sprawl about in its cage, knocking its head in 

every direction. 

Being; let out it walked straight on and came full tilt with its snout against the 

door. Then it turned away and walked in various directions, each time being brought 

to a standstill by knocking its head full against some obstacle. This condition of total 

blindness continued only half an hour. After this it began to give evidence of 

returning vision, at first imperfect, shown by attempting to seize and climb on to a 

hot pipe before it could reach it. But within two hours vision was acute enough to 

enable it to pick up a piece of apple lying to its right side ; and it was able to run 

about the laboratory with a companion, avoiding obstacles on either side, passing them 

quite closely and never running against them. There was no sign of hemiopia. 
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After further observation for half an hour the animal was adjudged to have fair if 

not perfect vision with its right eye, and the left was then unclosed, and the animal 

returned to its cage. 

Next day it was in all respects quite well, and no defect, sensory or motor, could be 

made out. 

Three weeks afterwards the right angular gyrus was similarly exposed and 

cauterised. ’ During the surgical dressing the animal was awake, with both eyes open, 

the pupils large and contractile, and the conjunctival reflex equally distinct in both 

eyes. 

When the animal was allowed free it began almost immediately to run about all 

over the laboratory, avoiding obstacles, and apparently with vision unimpaired, at 

least as regards the power of direction of all its movements. 

After it had run about thus for a time its left eye was then bandaged. On this the 

animal struggled to get rid of it, and in doing so while it ran knocked its head against 

obstacles. It made no sign of perception of threatening gestures, and after observation 

for some time it was adjudged either blind, or to have greatly-impaired vision in the 

right eye. 

Next the right eye was bandaged, the left being freed, whereupon the animal ran 

away, clearing obstacles everywhere, and running away if threatening gestures were 

made. 

Next day the same experiments were repeated on the right and left eye respectively, 

but the animal indicated by its movements and its power to pick up articles of food, 

&c., that it had equally good vision in either eye. No defect, hemiopic or otherwise, 

could be made out. 

The animal continued in perfect health for seven weeks, when the openings in the 

skull were again exposed, and seen to be covered with membrane, continuous with the 

dura mater and flush with the rest, there being no hernia cerebri. 

The posterior margins were incised, and the anterior margins of both occipital lobes 

exposed for about f-ths of an inch behind the cortical lesions previously made. These 

portions of the occipital lobes were cauterised up to the previous lesions. 

During the dressing of the wounds the animal recovered from its narcotic stupor, 

opening both eyes widely. 

The animal was wrapped in a blanket and laid beside the hot-water pipes to recover, 

but having been left for ten minutes it was found free from its blanket and mounted 

on a pipe, and on being approached made grimaces, jumped down, and after a run 

round the laboratory ran into the partially-open door of its own cage, and sprang up 

on its usual perch. All this happened within a quarter of an hour of the operation. 

Not a single symptom could be detected. Its sight seemed unimpaired, hearing 

acute, other sensory faculties and motor powers unaffected. 

The animal continued in good health, and to all appearance normal, until it was 
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killed with chloroform four months after the last operation, and over six months from 

the date of the first. 

Post-mortem examination.—The brain was everywhere normal, except in the regions 

where, as above described, the lesions had been made. Over these the dura mater was 

adherent, but elsewhere it was separable, and there were no indications of diffused 

inflammation. 

In the right hemisphere (Plate 20, fig. 5) the angular gyrus was obliterated except 

as regards a thin strip of cortical matter bounding the intraparietal sulcus, and at the 

upper extremity of the arch formed by the two limbs. The lesion extended posteriorly 

across the line of the parieto-occipital sulcus, undermining the anterior extremity of 

the occipital lobe. The edge of the uninjured cortex of this lobe was 4-5 mms. 

from the anterior extremity of the first occipital fissure. 

The superior extremities of the first and second temporo-sphenoidal convolutions 

merged gradually into the lesion. 

Horizontal sections through the lesions showed that the cortical matter of the 

convex aspect of both limbs of the angular gyrus had been completely removed, but 

that of the sulci separating them from the adjacent convolutions was intact. The 

grey matter at the bottom of the parieto-occipital sulcus, which is here folded deeply 

inwards, was also intact. That of the superficial aspect of the margins of this sulcus 

was destroyed. 

In the left hemisphere the amount of destruction of the grey matter was almost 

exactly the same as in the right; but the limbs of the angular gyrus were more com¬ 

pletely obliterated, and the lesion extended somewhat farther back into the convex 

aspect of the occipital lobe. 

The grey matter at the bottom of the sulci was not injured. 

Remarks.— This case is interesting both in its surgical aspects, showing how little 

effect even repeated operations on the brain may have on the well-being of the animal, 

and also from a physiological standpoint. 

There was for a short time after the animal was otherwise in full possession of all 

its faculties and powers, complete blindness in the eye opposite the injured angular 

gyrus. This gave way to such restoration of vision within two hours as to enable the 

animal to direct its actions without any appreciable deficiency. There was no hemiopia 

either immediately after the lesion or subsequently. 

The effects of destruction of the other angular gyrus, which however was less 

extensive than that of the first, was somewhat unexpected, as being unlike the usual 

results following injury to the one angular gyrus when the other is intact. 

At a time when any affection of the left eye was imperceptible, there was evident 

impairment of vision of an amblyopic not hemiopic character in the right eye, i.e., the 

same side as the second lesion. 

It would thus seem that the angular gyrus is in relation to both eyes, and that 

though usually the cross effect is the only pronounced one, yet the direct one may be 
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more evident when the other angular gyrus has been more extensively destroyed some 

time previously. (See Experiment 5*.) The absolutely negative character of the 

subsequent extension of the lesions into the anterior parts of the occipital lobes was 

also a remarkable fact in this case. 

Experiment 5* (Plate 20, fig. 7). 

In this animal the left angular gyrus was exposed in the usual manner, and caute¬ 

rised with the galvanic cautery. 

The left eye was secured, and the animal allowed to recover from stupor. 

At the end of half an hour it was evidently wide awake but would not move unless 

touched. At this time it was removed from its cage and placed on the floor, where¬ 

upon it began to grope about in a sprawling manner, knocking its head against every 

obstacle in its path. After some minutes of this behaviour it subsided and refused to 

move. It made no sign of fear at threatening gestures, and did not wink at a thrust 

of the finger at its eye, until the finger almost quite touched the conjunctiva, when 

the usual reflex closure occurred. 

Half an hour later the same tests were employed with precisely the same indications 

of total loss of vision. 

At the end of still another half hour, while it was lying quietly in its cage, it was 

gently laid hold of without noise to attract its attention, whereupon it bounded away 

with an expression of fear or surprise, and ran full tilt against the leg of a table where 

it remained groping and sprawling for a few moments. It then again started off, and 

this time ran against the wall, against which it sprawled helplessly. Similar things 

wrere repeated. 

It gave no sign of perception when it was cautiously approached without noise, but 

when a slight noise was made with the lips quite close to it, it darted off and came 

against the wall as before, where it lay down. 

Half an hour later, while it was resting quietly in a corner with its eye open, the light 

of a lantern was flashed in its eye, but it gave no sign. Creeping up to it cautiously 

without exciting its attention the observer made a slight whisper close to its face, 

whereupon it peered eagerly, but evidently remembering the results of running away, 

it crouched down and would not move. 

Half an hour later, when it was quiet in its cage, it started suddenly on being 

touched and ran its head into a corner, where it crouched. 

Next day, its left eye being still closed, it showed unmistakably the possession of 

vision with the right eye. It laid hold of things as usual, and ran about the labora¬ 

tory in every direction, passing obstacles to the right and left with perfect precision, 

and ducking its head to pass underneath bars as it ran along the top of the hot-water 

pipes of the laboratory. 

No defect of vision, amblyopic or hemiopic, could be detected. The animal was in 
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perfect health and in every respect normal, and continued so for three weeks, when 

the right angular gyrus was similarly exposed and cauterised on the surface, close up 

to the parieto-occipital fissure. 

During the dressing of the wound the eyes were open, pupils equal medium size, 

and the conjunctival reflex distinct. 

The animal was wrapped in a blanket and laid in a warm place. 

Within a quarter of an hour it got up, shook off the blanket, and on being touched 

gave a screech and made off, knocking his head twice, till it was brought up in a 

corner of the room, where it remained at rest. 

Similar results were obtained on repeated tests continued for an hour and a quarter. 

When urged to move it constantly knocked its head as it ran, or was brought to a 

dead stand against a wall. It was extremely on the alert, and made grimaces 

if approached without caution against sound ; but it paid no attention to threats, &c., 

made at a little distance quietly and without noise. 

Two hours after the operation the animal began to show signs of returning vision. 

It shrunk when the light of a lantern was flashed in its eyes at some distance. It was 

also able when near the hot pipes to climb on to them as usual. Whether it saw very 

clearly could not be made out, but it was able to guide its movements without 

vacillation or uncertainty. 

Next day the animal was in every respect well, eating heartily, and running about 

actively, and showing full possession of sight to every test that could be devised. 

Six weeks subsequently the lesion of the left hemisphere was extended anteriorly 

into the ascending parietal convolution, the grey matter of which was seared with the 

cautery superficially. 

In a quarter of an hour, after the operation the animal got up and wTalked to the 

other side of the laboratory where its companions were, and tried to get among them 

in their cage. It walked lame and stumbled frequently, owing to an evident weak¬ 

ness and tendency to give way of the right arm and hand. It was observed to try and 

pick up a crust of bread with its right hand, but though it thrust its arm forwards it 

could not grasp the object. On attempting to climb up the bars of the cage it fell 

down when it tried to grip with its right hand. 

An hour subsequently the animal was very active. It was observed in climbing to 

trust its weight almost entirely to its left hand and foot. The right hand had not 

entirely lost the power of closure, but the grip was very weak as compared with the 

left, and was easily overcome ; and frequently the animal dropped what it tried 

to hold in its right hand. 

Two days subsequently the weakness of the right hand was still very evident, and 

it was also noted that the right foot was not moved so well as the left, being lifted 

en masse, without the dorsal flexion of the foot and spreading of the toes seen on the 

left side. In climbing, the grip of the right hand and foot was very feeble, the weight 

being trusted almost entirely to the left, which clung firmly on the bars. 
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Slight pinching of its fingers and toes on the right excited precisely the same 

indications of attention and uneasiness as on the left. 

Five days after the last observations the same condition was seen. Experiments 

were made, consisting in suspending the animal by the hand or foot. When this was 

done with the left hand or foot, the animal speedily got its mouth up conveniently to 

give a bite, but quite failed to grip and pull its body up to do the same, when 

suspended by the right. But on one occasion, when held by the right hand, and 

failing to raise its head to bite, it skilfully laid hold of its right arm with the left, 

pulled its body up, and so nearly effected its purpose. 

Walking was with the same limp as before. 

At the end of four months the weakness of grip of the right hand and foot was 

still distinctly perceptible. 

Seven months after the operation the animal seemed somewhat paraplegic. The 

cause of this was doubtful, but it was probably the result of a heavy tray having 

fallen on its back some time before. 

An examination of the right hand indicated some degree of rigidity of the flexors, 

and forcible passive extension of the wrist and fingers seemed to cause uneasiness and 

spasm of the muscles of the upper arm and shoulder. 

The animal was found dead one morning by the laboratory attendant, exactly ten 

months after the first operation. 

Post-mortem examination.—The brain was somewhat soft, not having been removed 

for many hours after death, and was injured slightly during removal and separation 

of the membranes adherent over the seat of lesion. 

On the right hemisphere the angular gyrus had its limbs and sulci almost 

obliterated, but the grey matter at the bottom of the sulci was intact. The surface 

of the occipital lobe was somewhat ragged and soft for some distance behind the 

parieto-oceipital fissure, the results of post-mortem injury. 

The upper extremity of the arch formed by the two limbs of the angular gyrus 

was still more or less distinct. 

On the left hemisphere the grey matter of the angular gyrus was also similarly 

destroyed superficially, as well as the greater portion of the convexity of the ascending 

parietal convolution, and a considerable portion of the postero-parietal lobule. But 

the grey matter of the intra-parietal sulcus was intact, as well as that of the parieto¬ 

occipital sulcus. 

There was also superficial erosion over a considerable portion of the occipital lobe, 

posterior to the parieto-oceipital sulcus, due to post-mortem injury, in removing the 

brain and separating the adherent membranes. 

Remarks.—This case shows the occurrence of total loss of vision, for several hours 

during which observation was maintained, in the eye opposite extensive destruction of 

the cortex of the angular gyrus. Next day this had disappeared. On subsequent 

similar destruction of the other angular gyrus, sight was evidently abolished coiu- 
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pletely for two hours in both eyes. But restoration of vision occurred to such an 

extent after this, that no perceptible deficiency could be detected, so far as could be 

ascertained by any tests applicable to the lower animals. Whether vision was perfect 

in such a degree, central and peripheral, as might be ascertained by accurate peri¬ 

metric tests in a human being, did not admit of determination. 

There was no further impairment of vision when the lesion of the left hemisphere 

was extended forwards into the ascending parietal convolution, but there was a 

marked deficiency as regards the motor power of the right hand and foot, which 

continued till the animal’s death many months subsequently. The defect did not 

amount to actual paralysis, but only to paresis, a condition which can be readily 

accounted for by only partial destruction of the centres concerned in the movements 

in question. (See further, Section III., p. 510). 

In the next experiment on the angular gyrus it was considered advisable at the 

same time to divide the corpus callosum, or part of it, with a view to determine 

whether such a lesion would have any influence on the otherwise speedy compensation 

of unilateral lesion of this gyrus. Previous to this an experiment had been made in 

order to determine the effects, if any, of division of the corpus callosum alone. The 

particulars of this experiment are as follows. 

Experiment 6* (Plate 20, fig. 8). 

Two trephine openings were made over the anterior and posterior extremities of 

the corpus callosum, and the two openings joined by an incision with a Hey’s saw 

close to the middle line. The longitudinal sinus was exposed, and the dura mater 

divided along the left margin, so as to allow access to the longitudinal fissure. A 

small aneurism needle, bent at an obtuse angle, was then passed between the 

hemispheres, and the corpus callosum scratched through, so far as could be judged by 

tactics eruditus. There was some haemorrhage welling up between the hemispheres, 

but not to any extent, and ceasing speedily. 

The animal was rather weakly before the operation, and remained prostrate for 

some time. It was not observed for more than an hour, and nothing definite was 

made out. 

Next day it was still rather languid, but it was able to move about, though the 

right arm and leg were somewhat weak. 

Sight was evidently good, and hearing acute. Tactile sensibility was unimpaired, 

judging from the manner in which it attended to and resented cutaneous irritation. 

Smell was evidently also retained, as it seemed fond of the smell of bergamot held 

under its nose. 

Except for the weakness of the right arm and leg, the cause of which is explained 

below, the animal, though feeble, was otherwise in full possession of all its senses and 

motor powers. 
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The animal died two days after the operation, apparently from general prostration. 

Post-mortem examination.—On examination of the wound there was no sign of 

repair, the edges being ununited. The hemispheres were slightly glued together in 

the longitudinal fissure, evidently by haemorrhagic effusion, and this was particularly 

in the meshes of the pia mater along the inner aspect of the ascending frontal and 

parietal convolutions. The cortex here was somewhat softened, evidently caused by 

the operation. 

On separating the hemispheres it was seen that the corpus callosum had been 

completely divided, from within a quarter of an inch from the anterior extremity or 

genu, to the posterior extremity or splenium, where only a few transverse fibres over 

the corpora quadrigemina remained undivided. There was no effusion into the 

interior of the ventricles, and the brain, except at the region above mentioned, was 

otherwise perfectly normal. 

Remarks.—The weakness of the right arm and leg in this case is readily accounted 

for by the partial lesion of the cortex of the upper and inner aspects of the ascending 

convolutions. Otherwise the operation of division of the corpus callosum is seen to be 

entirely negative as regards sensory or motor powers. 

Experiment 1* (Plate 20, figs. 9, 10, 11). 

In this animal the left angular gyrus was exposed and cauterised up to the parieto¬ 

occipital fissure, and an aneurism needle was inserted between the hemispheres, and 

the corpus callosum torn through to a considerable extent. 

The left eye was securely closed, and the animal allowed to recover from its narcotic 

stupor. 

In half an hour it began to move about spontaneously, though rather unsteadily. 

An hour and a quarter after the operation it walked about the laboratory, knocking 

its head against legs of chairs and other obstacles in its path. 

When a piece of apple was held under its nose, it grabbed it and ate. It continued 

to walk about here and there, every now and then coming to a dead halt full tilt 

against a wall. 

Three hours after the operation it again, in running through the laboratory, came 

full tilt with its snout against a wall, where it rested. While it was resting quietly 

we crept up to it, but the animal, though with eyes wide open and looking towards us, 

made no sign of perception. Threatening grimaces likewise were without effect, but 

on making a noise with our lips the animal seemed alarmed, peered forwards, and yet, 

though it came quite close to our faces, seemed to see nothing. It was tried to right 

and left in the same way, but there was no sign of vision to one side or the other. 

Next day, the left eye being still closed, the animal ran about in every direction, 

ducking under bars, passing objects to right and left with the utmost precision, and 

never once knocking against anything on one side or the other. Not the slightest 

3 u 2 
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impairment of vision could be detected, and it was able to pick up the minutest 

objects lying about in its cage or thrown down near it. 

The animal was a very agile jumper, and would take a flying leap over one’s 

shoulder when an attempt was made to lay hold of it. 

Five weeks after the above operation the right angular gyrus was exposed and 

similarly cauterised. 

During the dressing of the wound the animal had recovered from its stupor. The eyes 

were both open, the pupils small, and the conjunctival reaction distinct on both sides. 

When freed the animal almost immediately began to run about, knocking its head 

against various .obstacles. This, however, continued only for a few minutes, and 

within half an hour it was able to stoop under the cross bar of a table which came in 

its way, and on coming to its cage thrust its hand between the bars. At this time 

both eyes were left open. The right eye was now securely closed. Vision still 

continued, however, with the left eye to some extent, but indistinct, as it tried 

to lay hold of things before they were within reach. 

For an hour numerous and careful observations were made as to whether vision was 

impaired to one side more than the other, but this was clearly not the case, for the 

animal very speedily showed that it could see to both sides by picking up currants 

scattered on the floor to either side and w7ith either hand indifferently. 

The recovery was most rapid, and an hour after the operation it was not possible 

to detect any deficiency in the animal’s powers of vision, or otherwise. 

It continued in every respect perfectly well until its death by chloroform four 

months after the last operation. 

Post-mortem examination.—The surface of the brain wras everywhere normal except 

in the region of the angular gyri, where the membrane, continuous with the dura mater 

stretching across the orifices in the skull, was adherent. On removal of this it was 

seen that the left angular gyrus was obliterated, its place being indicated by a depres¬ 

sion caused by the destruction of the cortex. At the bottom of the sulci separating 

the limbs of the angular gyrus from the ascending parietal convolution, the superior 

temporo-sphenoidal convolution, and occipital lobe, the grey matter was, however, 

uninjured. The lesion shelved gradually into the anterior boundary of the occipital 

lobe (fig. II). 

On the right hemisphere the lesion of the angular gyrus was less complete 

and more superficial. A thin strip of uninjured cortex bounded the intra-parietal 

sulcus, and the upper extremity of the arch formed by the two limbs of the gyrus 

was also visible. The convex aspeet of the limbs of the angular gyrus had been 

removed, but the folding of the grey matter in the bounding sulci was still very 

apparent and uninjured. The convex aspeet of the upper extremity of the superior 

temporo-sphenoidal convolution was also involved in the lesion, a considerable portion 

of this having been also destroyed. The lesion sloped gradually into the anterior 

boundary of the occipital lobe (fig. 10), 
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On separating the hemispheres, which were slightly adherent on their median aspect 

along the longitudinal fissure, a cicatrix nearly an inch long was seen in the corpus 

callosum, somewhat nearer the left hemisphere than the right (fig. 9). 

The cicatrix was deepest posteriorly, and reached within a few millimetres of the 

posterior boundary. The exact depth of the original incision which had thus become 

cicatrised was difficult to determine. 

(The photographs were taken by Mr. J. M. Thomson.) 

Remarks.—This case shows that division or injury of the corpus callosum does not 

appreciably affect the rapidity of compensation of the primary results of lesion of the 

angular gyrus. 

The total blindness of the eye opposite the more extensive destruction of the angular 

gyrus, viz. the left, was very manifest; but the subsequent less extensive lesion of the 

other angular gyrus produced only very transient effects, which might have escaped 

observation unless tested for soon after the operation. But here, as in many other 

cases, the facts related show that at a period when all other faculties and powers 

were unimpaired, vision was distinctly defective. The period of reliable observation is 

not to be determined by the mere length of time that has elapsed since the operation, 

for the rapidity of recovery is very variable, but by the indications that the animal is 

on the alert, and otherwise in full possession of its other powers. In this case the 

second operation seemed to have caused so little general prostration that the animal 

was able to run about almost immediately as if nothing had happened to it. 

Experiment 8* (Plate 21, figs. 12, 13, 14). 

In this case both angular gyri were exposed at the same operation and destroyed as 

completely and accurately as possible by means of the galvanic cautery. 

The animal remained apparently sound asleep for nearly two hours. At this time 

it began to sit up and move about a little in a very cautious and shaky manner. Both 

eyes were opened widely, the pupils were large and equal, and the conjunctiva] reflex 

was very distinct in both eyes. 

It turned its head sharply to sounds, but made no sign of perception wffien a light 

was thrust or flashed close to its eyes, or when threatened in various ways. 

Three hours and a half after the operation when urged to move it knocked its head 

against every obstacle in its path. Its motor powers were unimpaired, hearing acute, 

and tactile sensibility evidently fully retained, as it shook off flies when they settled 

anywhere on its body. 

Next day, twenty-four hours after the operation, the eyelids were somewhat 

cedematous, interfering with the full-opening of the right eye especially. The left 

was sufficiently open for distinct vision. 

The animal was very unwilling to move, and when urged to do so knocked its head 

against every obstacle, and occasionally sprawled with its hands in the air as if to 

lay hold of something. 



494 PROFESSORS D. FERRIER AND G. F. YEO OX THE EFFECTS OF 

On the following day the oedema of the eyelids had entirely disappeared, and both 

eyes were freely and widely open. Still reluctant to move. When urged to do so, 

merely turned round or groped and sprawled about. When a cherry was placed to its 

lips it bit a piece eagerly and seemed to enjoy it. The cherry was then laid on the 

floor in front of it, but it was unable to find it though looking eagerly for it. The 

animal enjoyed its food, which it found by groping about wdth its hands in its cage. 

On the fourth day there were some indications of returning vision. A piece of 

orange was held before it, whereupon it came forward in a groping manner and tried 

to lay hold, but missed repeatedly. When the piece of orange was laid on the floor 

it stretched out its hand over it, short of it, and round about it before it succeeded in 

securing it. 

When urged to move it did so very cautiously, and occasionally came close up to 

the wall before it stopped, but it did not knock its head as before. It was observed 

that when it accidentally dropped a piece of food when eating, it could only find it 

with difficulty, and equally so in front and to either side. Many similar observations 

were made. 

On the fifth day the animal came out of its cage spontaneously and walked about. 

It never now knocked its head. It was evidently able to see its food, but constantly 

missed laying hold of it at first, putting its hand beyond it or short of it. 

On the sixth day the animal walked about freely, avoiding obstacles, but vision 

was evidently defective, as on several occasions it was seen as if about to climb before 

it had come sufficiently near the ledge on which it wished to mount. It was, however, 

able to pick up grains of rice scattered on the floor, but always with uncertainty as to 

their exact position. 

Watched from day to day the animal continued to manifest the same indications of 

defective vision. 

Four weeks after the operation the animal seemed in a feeble state of health and 

disinclined for exertion. The same want of precision was still seen as regards its power 

of putting its hands on objects it wished to pick up. This was apparently equal in all 

directions. 

At this date when it was walking about on a table it tumbled off, having come too 

near the edge without seeming to be aware of the fact. 

After this, being the holiday season, no further observations were made for a time, 

and the animal died in the interim two months and a half after the operation. 

Post-mortem examination.—The brain not being removed immediately was somewhat 

soft, and suffered some damage in removal. 

Examined after hardening in spirit the general aspect was normal, except in the 

region of the angular gyri. 

The left angular gyrus had entirely disappeared with the exception of a small 

portion of the lower extremity of the anterior limb. The neighbouring convolutions 

looked as if they had been dissected out (Plate 21, fig. 13). 
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A horizontal section of the hemisphere at the point of greatest depth of the lesion, 

viz. : at the upper extremity of the superior temporo-sphenoidal convolution, showed 

that the lesion involved only the ridges and sulci of the angular gyrus, the stem of 

medullary fibres passing backwards to the occipital lobe being uninjured. The cortex 

of the occipital lobe was intact (Plate 21, fig. 14). 

In the right hemisphere the angular gyrus was also quite obliterated, except a thin 

strip of cortex intervening between the ascending parietal convolution and the upper 

extremity of the superior temporo-sphenoidal convolution, which forms a wedge between 

the two limbs of the angular gyrus (Plate 21, fig. 12). 

The posterior limb of the gyrus which becomes continuous with the middle tem¬ 

poro-sphenoidal convolution retained only some traces of the cortex at the bottom of 

the sulci separating it from the superior temporo-sphenoidal convolution and the 

occipital lobe. 

The convexity of the occipital lobe was slightly eroded superficially from post-mortem 

injury. 

The medullary fibres of the occipital region were seen in horizontal section to be 

altogether intact (Plate 21, fig. 14). 

Remarks.— In this case the angular gyri had been effectually obliterated on both 

sides without injury to the occipital lobes or their medullary connexions. The result 

was total blindness without affection of the other senses or motor powers. The total 

blindness lasted only three days, but vision continued permanently impaired, and 

showed no further signs of improvement during the month in which the animal was 

kept under observation. The condition was one of double amblyopia. 

Experiment 9* (Plate 21, fig. 15). 

In this animal the occipital region was exposed on both sides, and both occipital 

lobes were severed with the galvanic cautery, and scooped out bodily. The line of 

incision in both cases passed between the anterior extremity of the first occipital, and 

the parieto-occipital sulcus. 

The portion removed on the right side weighed 1 ’9 grammes ; that removed on the 

left weighed 2T grammes. 

In half an hour after the operation the animal sat up and wanted to move about, 

but it was kept still, wrapped in a blanket, to prevent risk of haemorrhage. Both 

eyes were open equally, the pupils smallish, and the conjunctival reflex equally distinct 

on both sides. 

For two hours, though it was looking about as if it saw, no definite test of vision 

was made ; but at the end of that time it went and sat down beside the next cage 

and allowed the other Monkeys to handle it, and examine its head. It then, of its 

own accord, went into its own cage and sat down. A piece of apple was thrown into 

the cage, and though it fell a full arm’s length away, the animal, without the slightest 

hesitation, or want of precision, put forth its left hand, picked it up, and ate it. 
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Half an hour later several similar tests were made. A piece of apple was thrown 

near it. This it took, and began to eat. On the piece being taken from it, it seized 

another piece lying in the cage and ate this, and having finished it, came forward a 

few steps and picked up another piece lying on the floor. 

There was thus the most complete proof of retention of vision. Hearing was acute ; 

cutaneous sensibility was unimpaired, the slightest touch anywhere on its bodv 

exciting its attention. It smelt the apple before eating, and evidently enjoyed the 

taste. 

Next day the animal seemed in the most excellent health. Took things offered it 

with the utmost precision, and picked articles of food from the floor. It came out of 

its cage when the door was open, and had a look at its companions, and playfully 

tickled the ear of a kitten which came past its cage. 

From this time onwards it continued in perfect health, and without the slightest 

discoverable impairment of vision or other deficiency. 

Nearly six weeks after the first operation the left angular gyrus was exposed, and 

this and the anterior portion of the remainder of the occipital lobe cauterised with 

the galvanic cautery. The left eye was securely closed. 

Half an hour after the operation the animal was sitting up, on the alert, and 

listening to the grunts of its companions. When touched it started, and bounced 

with its head full against the leg of the observer. 

An hour after the operation it seemed to have some obscure power of vision, but in 

running along the top of the hot-water pipes, it knocked its head against the brackets, 

now on the right and now on the left. Made a vague sort of motion towards a piece 

of bread held in front of it, but did not reach it. 

Constant observation for another hour was made with a view to determine whether 

it saw to one side or the other better, but without settling the point. It seemed to 

see better to the left than to the right, and yet on one occasion it turned to the right 

and took a piece of biscuit with its right hand. 

Two hours and a half after the operation it was able to see so well to the left as to 

be able to pick up grains of oats scattered on the floor towards its left side, and with 

its left hand. But it took some with the right hand, though not quite precisely, from 

a heap of grains held in the palm of the hand towards its right. 

Next day, twenty-four hours after the operation, constant observation and various 

tests were made for two hours in respect to the question of vision to the left and 

right. There was no doubt that though it saw to the left, it also did so to the right. 

It picked up grains preferably to the left, and with the left hand, but on several 

occasions it picked up currants, &c., to the right with its right hand. On one occa¬ 

sion it was sitting with the left side close against the wall, but it reached its right 

hand well to the right side to pick up grains, &c., lying on the floor. Threatened 

towards the right side it started and ran away. Vision to the right seemed therefore 

fully established. 
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Next day similar tests were employed with precisely similar results. The left eye 

which had been closed, was freed to-day, but no difference was observable in the 

animal’s behaviour or power to pick up things. 

From this time onwards the animal seemed in every respect perfectly well. It was 

very active and vivacious, and constituted itself leader and protector of its companions. 

It was killed with chloroform nine months after the first operation. 

Post-mortem examination,—The brain was everywhere normal except in the follow¬ 

ing particulars :— 

In the left hemisphere the convex aspect of the limbs of the angular gyrus was 

superficially eroded, with the exception of a strip of uninjured cortex bounding the 

intraparietal sulcus. The grey matter in the sulci was uninjured (Plate 21, fig. 15). 

The left occipital lobe was represented only by a small angular portion behind the 

upper extremity of the parieto-occipital fissure. 

In the right hemisphere the angular gyrus was intact, but the occipital lobe was 

represented only by a truncated portion, scarcely one-third of the whole, of a triangular 

shape, the base directed upwards and the apex downwards, the boundary of the section 

being at the vertex half an inch behind the parieto-occipital fissure, and thence 

gradually tapering to one-sixteenth of an inch behind the lower extremity of this 

sulcus. 

Remarks.—This case shows very clearly that notwithstanding the entire removal of 

at least two-thirds of both occipital lobes, the animal, within two hours of the opera¬ 

tion, was able to see and pick up minute objects with perfect precision, recognised and 

interpreted the meaning of threatening gestures, and acted generally as if it retained 

its visual faculties in all their integrity. 

The additional superficial lesion of the left angular gyrus induced transient total 

blindness in the right eye, gradually giving place to such restoration of vision that 

next day it was impossible to detect any visual defect either to the one side or the 

other. 

Though therefore the left occipital lobe was almost entirely removed, and the left 

angular gyrus extensively injured, and two-thirds of the right occipital lobe destroyed, 

the animal enjoyed vision so perfect that no defect could be discovered by any tests 

applicable to lower animals, continued most intelligent and vivacious, and exercised a 

dominant influence over its companions. 

Experiment l'“ showed that almost entire removal of one occipital lobe was without 

appreciable effect on vision ; and Experiment 2* showed that considerable bilateral 

lesions were also negative. This experiment is still more striking, 

Reference is also made to “ Experiments on the Brain of Monkeys ” in the Philo¬ 

sophical Transactions, Yol. 165, Part 2, by Dr. Ferrier. In Experiments XXII. and 

XXIII. similar facts are related. In Experiment XXIV., in which the occipital lobes 

(and subsequently also the greater portion of the frontal lobes) had been removed, there 

was some defect in vision, shown in incorrect appreciation of the distance of objects. In 

mdccclxxxiv. 3 s 
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this case there was considerable hernia cerebri, and the angular gyrus of the right side 

was involved in the lesion. 

As the brain of this animal had been carefully preserved in spirit since 187o, photo¬ 

graphs were taken and are here appended (Plate 21, figs. 18 and 19), so that the 

condition of the brain may be accurately seen. 

Experiment 10* (Plate 21, fig. 17). 

In this animal the left angular gyrus and anterior half of the occipital lobe were 

exposed, and thoroughly cauterised, and the rest of the occipital lobe severed and 

removed. 

The portion removed weighed 2’55 grammes. 

The left eye was securely closed. 

The right eye was open, the pupil contractile to light, and the conjunctival reflex 

distinct. 

When the animal began to move about half an hour after the operation it was 

totally blind, paying no attention to threats, though excessively timid, and knocking 

its head against obstacles in its path. 

An hour after the operation there were some indications of vision, and observations 

were continued for an hour and a half after this with a view to determine the exact 

extent, and whether vision was unilateral or not. For a lone- time it remained 

doubtful, but it seemed as if vision was abolished towards the right side at least. 

Next day blindness towards the right was distinctly proved, as the animal occasion¬ 

ally knocked its head on the right side. The left eye was then unclosed, and the 

right secured. 

Sight seemed improved, but the animal still, especially when hurried, knocked its 

head on the right side in its career. It was able to pick up things with its left hand 

towards the left. 

On the day following both eyes were allowed free. Defect or abolition of vision 

towards the right was still very apparent, as on several occasions the animal knocked 

the right side of its head against the legs of chairs, tables, &c., in its wanderings. To 

the left it could see, and take hold of things offered it. 

On the fourth day after the operation the animal was able to run about, evidently 

with improved vision, for it did not now knock its head though passing and repassing 

obstacles on every side. It was observed to pick up grains of oats scattered on the 

floor, with its left hand. 

And at dusk, as it was being pursued into its cage, it knocked its head on the right 

side, in a dark corner of the laboratory. 

On the fifth day it ran about very freely never knocking its head. On this day, in 

addition to picking up things readily with its left hand, it was seen to turn to the 

right and pick up a piece of apple, thrown down, with its right hand. On the sixth 
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it was sitting with its right side close against the left side of another Monkey which 

was eating an apple. It was looking very eagerly and covetously, and on the apple 

being accidentally dropped by the other, it reached across with its left hand, seized 

the apple, and made off with it. 

On the tenth day it was seen while sitting on the top of a hot-water pipe to reach 

down with its right hand, and pick up a chestnut lying in its cage. 

On the eleventh day it was seen to spring past objects on either side without once 

knocking its head. 

From the thirteenth day onward it was impossible to discover any traces of hemi- 

opia,, as the animal was able to pick up grains of oats, &c., scattered on the floor to 

the right as well as the left, and without making any perceptible motion of its head. 

It seemed to have cpute recovered ; and it remained in excellent health till it was 

killed with chloroform five months after the operation. 

Post-mortem examination.—The left hemisphere was truncated, exposing the upper 

surface of the left side of the cerebellum. The convex aspect of the left hemisphere 

was sharply limited posteriorly by a line corresponding almost exactly with the intra- 

parietal sulcus (the posterior margin of the ascending parietal convolution was slightly 

grazed). From this line the surface of the left hemisphere sloped downwards and 

backwards, and ended abruptly at the point where the middle temporo-sphenoidal 

convolution passes into the occipital lobe. 

Of the convex aspect of the occipital lobe scarcely a trace existed. The anterior 

limb of the angular gyrus, both on its convexity and where it bounds the intraparietal 

sulcus, had disappeared, and as before stated, the posterior margin of the ascending 

parietal convolution was also grazed. 

The convexity of the posterior limb of angular gyrus was also almost entirely oblite¬ 

rated, but the grey matter in the depth of the parieto-occipital fissure was not 

destroyed. The upper extremity of the superior temporo-sphenoidal convolution 

remained clearly defined and intact, except for slight superficial erosion of the cortex. 

The grey matter of the sulci separting it from the anterior and posterior limb of the 

angular gyrus was uninjured. 

The rest of the brain was in every respect normal. [The vertical line seen in the 

figure is an accidental defect in the photograph]. 

Remarks.—In this case we have complete removal of the convexity of the left occipital 

lobe and the greater portion of the angular gyrus followed by transient total blindness 

m the right eye, giving place to right hemiopia ; and this in turn giving place to 

such restoration of vision within a fortnight that no defect could be discovered by 

any methods applicable to the lower animals. 

Experiment IF" (Plate 21, fig. 16). 

In this animal the left angular gyrus and adjacent margin of the ascending parietal 

convolution were exposed and the cortex seared with the galvanic cautery. 

3 S 2 
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During the dressing of the wound consciousness was returning ; the eyes were open, 

the pupils moderate size and contractile to light, and the conjunctival reflex equally 

distinct in both eyes. 

The right eye was then bandaged. 

The animal having gone to sleep for a quarter of an hour began to move about, 

indicating vision by making a grimace when threatened ; and within an hour after the 

operation was running about the laboratory, and picking up things lying on the floor, 

currants, &c. 

No defect being ascertainable as regards vision with the left eye, the left eye—that 

on the side of lesion—was next secured, and the right freed. The animal struggled 

for some time with the bandage, but not succeeding in getting it off, became quieter. 

Very shortly, within an hour and a half after the operation, it indicated vision by 

making a grimace when threatened, and two hours after the operation it was seen to 

pick up pieces of food from the floor to right and left indifferently. 

Some weakness was perceptible in the right hand, which, though used in climbing, 

occasionally slipped and gave way. There was no defect as regards the sensibilitv of 

the hands, and the animal made grimaces and rubbed the palms of both hands when 

it accidentally placed them on a water pipe which was rather hot. 

Next day the animal seemed in perfect health. Sight was to all appearance as 

good as before. When the right and left hands were tested respectively as to their 

grip, the right was perceptibly weaker. Otherwise no difference could be observed. 

Similar observations were made at intervals with the same results up to four months 

after the operation, when the animal was again chloroformed and the right angular 

gyrus exposed and cauterised, and the right occipital lobe removed en masse. The 

portion removed weighed 2-75 grammes. The animal, as the dressing was finished, 

was recovering consciousness ; both eyes were open, the pupils equal, and the conjunc¬ 

tival reflex distinct in both eyes. 

Twenty minutes after the operation a sniff of ammonia caused the animal to wake 

up and proceed to walk about the laboratory. Hearing was good, as it responded to 

the grunts and calls of its companions. 

It soon gave evidence of vision to the right side, by approaching the laboratory 

attendant standing on this side, and climbing up his arm. 

Two hours subsequently the left eye was bandaged. The animal was able to see 

and pick up a cherry to the right. To the extreme left front it could not do so, but 

was able to find a cherry to the left of the middle line, reaching its right hand across 

the middle line to seize it. 

After continuous observation for an hour the left eye was freed, and the right 

closed. It was evident that the animal lost thino-s to the left of the middle line. It 
o 

also appeared that vision to the right was limited, for while it seized things to the 

right of the middle line, yet it seemed to lose things placed to the extreme right. 

Next day similar observations were made, with similar results. 
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On the fourth day the animal was observed for some time with both its eyes free. 

It was able to pick up grains of corn scattered on the floor, to the right, but not to 

the left. The right eye 'was then bandaged. It continued to pick up grains to the 

right, but not to the left; and in running knocked its head on the left side against 

the leg of a table. 

The left eye was then bandaged, and the right freed. It continued to see well to 

the right and keenly watched flies buzzing about on this side. It looked about both 

to right and left, and in picking up grains frequently reached well across the middle 

line towards the left side. Vision to the extreme left however was deficient. 

Similar observations were made on the seventh day. 

On the tenth day, when the left eye was bandaged, the animal was able with only 

a slight turn of the head to pick up grains, &c., towards the left side. 

With the right eye bandaged, vision to the right was clear, but things to the left of 

the middle line were lost. 

On the fourteenth day, with the left eye bandaged, the animal ran about, skilfully 

catching flies with the right hand to the right side, and also to the left with a slight 

turn of the head. It was also seen on this day to take a fly offered it on the left side, 

with its left hand ; appearing a little uncertain as to its exact position. Did not 

knock its head anywhere though passing and repassing objects on the right and left 

constantly. 

On another occasion it was held up facing a wall on which many flies were settled. 

It caught one or two on its left front with its left hand, without turning its head. 

On the seventeenth day it was seen to run about everywhere without once knocking 

its head, passing close to obstacles right and left. It was also seen to catch flies with 

either hand to right and left. 

The right eye was then bandaged. It still continued able to catch flies with the 

left hand. Whether vision was equally distinct to left as right could not be deter¬ 

mined, but it was certainly not blind to the left side as it had been formerly. Four 

months subsequently, vision to the right and left was to all appearance equally good, 

as the animal was able to pick up minute objects to right and left indifferently, and 

without any abnormal turning of the head. It was killed with chloroform nearly five 

months after the second operation. 

Post-mortem examination.—On the left side the grey matter of the convexity of the 

angular gyrus was merely eroded, and the grey matter at the bottom of the sulci was 

uninjured. There was also slight erosion of the ascending parietal convolution, and of 

the upper extremity of the superior temporo-sphenoidal convolution. The occipital 

lobe was intact, as also the rest of the hemisphere (Plate 21, fig. 16). 

On the right side the occipital lobe was entirely gone, having been cut off exactly 

at the parieto-occipital fissure. The ridges of the angular gyrus were also almost 

entirely obliterated, but the grey matter in the depth of the sulci separating it from 

the ascending parietal and superior temporo-sphenoidal convolutions was intact. The 
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upper extremity of the superior temporo-sphenoidal convolution was eroded 

superficially. 

The rest of the brain was perfectly normal. 

Remarks.—In this case of superficial destruction of the cortex of the left angular 

gyrus and ascending parietal convolution there was no perceptible affection of vision on 

the side of lesion, and none could be made out on the opposite side within two hours 

after the operation. The right hand was somewhat weaker than the left, but there 

was no paralysis of any movement. 

The subsequent entire removal of the right occipital lobe and considerable destruc¬ 

tion of the right angular gyrus caused defect in vision in both eyes which proved to be 

of the nature of hemiopia to the left. By repeated tests applied to the right and left 

eye respectively, it was found that the limitation of vision towards the left was greater 

in the left eye than in the right. 

The hemiopic defect gradually diminished, and within three weeks after the second 

operation it was not possible to discover in the animal’s behaviour or mode of activity 

any such defect as had been at first so evident. 

Experiment 12s (Plate 21, figs. 20, 21, and 22). 

In this animal both angular gyri were seared by the galvanic cautery, and both 

occipital lobes severed and scooped out. The portion removed from the right side 

weighed 2'25 grms., that from the left weighed 2‘5 grms. On recovery of conscious¬ 

ness the animal was observed to have both eyes open, the pupils of moderate size, and 

the conjunctival reflex distinct on both sides. This was seen within a quarter of an 

hour after the operation was finished. 

An hour after the operation the animal was able to walk about, moving all its limbs 

perfectly. Tactile sensibility was unimpaired, judging by its attention to and dislike 

of being touched on any part. That it could smell was indicated by a sudden grab at 

a piece of apple placed under its nose, which however it failed to seize. 

It was absolutely blind and knocked its head against everything in its path. The 

slightest sound made in its vicinity caused it to start and look round. 

Next day it was well and vigorous. Muscular powers were unimpaired, and every 

faculty of sense except vision. In this respect it was totally deficient, making no sign 

of perception of anything in the way of threats, &c., and yet so shy and timid that the 

slightest touch caused it to start and endeavour to escape. In such attempts it 

knocked its head full against whatever lay in its path. 

Next day the condition was the same. The animal took its food when this was 

put in its hands, but could not find anything that was merely offered to it, or that 

accidentally dropped from its grasp. 

A week subsequently it was still in the same condition ; well in health, and in no 

wise deficient except as regards vision. An ophthalmoscopic examination of the eyes 

showed the media, retina, and optic discs of perfectly normal appearance. 
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The animal soon learnt to find its way about its cage, finding its food by groping. 

On hearing the sound of food dropped into its cage it would descend from its perch 

and grope about. Occasionally it would return after an unsuccessful search, though 

the food lay before its eyes. Accidentally lighting on something with its hands it 

would take it up, smell, and if not good to eat would throw it down. Satisfied by 

smell it would eat and exhibit satisfaction by gestures and grunts. Hearing was 

most keen. It started at the slightest sound, and frequently returned the grunts and 

calls of its companions. For some weeks it was disinclined to move except about its 

cage, and generally sat still, except when groping for food. If taken out and urged 

to move it ran its head against every obstacle in its path. At the end of three 

months it was less disinclined to move about, and would spontaneously walk out of 

its cage with a companion Monkey placed with it in the same cage. Many and varied 

observations and tests were made as to the animal’s power of vision, and frequently 

doubts were entertained as to whether some of its actions were compatible with 

absolute blindness. 

Six months after the operation the animal was able to move about the laboratory 

and vicinity of its cage with considerable freedom. It had a slouching gait and a 

somnambulistic-like air, its eyes looking steadfastly in the distance. It seemed to be 

aware of its proximity to obstacles, and when left to its own cautious mode of progres¬ 

sion did not knock against them. It was able to find its way to its companion 

at some distance, first listening attentively to the noise of its footsteps. It also 

seemed aware of one’s proximity when within close range. It was difficult to 

approach without exciting the animal’s attention. Yet if this were done with the 

utmost caution against sound it might be approached and the hand waved, or threats, 

&c., made, without causing winking, or the slightest sign of perception. A nearer 

approximation of the hand, however, made the animal uneasy and as if aware of the 

fact. It moved its head and eyes and put out its hand if a stick were waved 

round and round close to its face, but not if at a sufficient distance to avoid causing 

agitation of the air in its immediate proximity. Though it still found its food by 

groping, it seemed occasionally to put its hand out as if it saw. Yet it was unable 

to find a piece of food which it was allowed first to smell, and which was then laid 

down in front of it; and it frequently failed to find what it had accidentally dropped. 

If, moreover, instead of being allowed to walk about quietly at its own leisure, it 

was suddenly startled, by sounds or attempts to lay hold of it, it would look terrified 

and run full tilt against whatever lay in its path. 

The condition remained unaltered as time went on. 

At the end of nine months its eyes were again carefully examined. The pupils 

were large, and did not contract to light. The optic discs were seen to be remarkably 

pale. 

The animal died without any evident assignable cause during the winter season, 

nearly eleven months after the operation. Examination a few days before death 
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revealed the same absence of flinching or other sign of perception when a light was 

flashed in its eyes, and the same fixity of the pupils as before noted. 

Post-mortem examination.—The aspect of the brain was everywhere normal except 

in the occipito-angular region of both sides over which the membrane, continuous with 

the dura mater, was adherent. On removal of this it was seen that on the leftside, the 

occipital lobe had been severed and removed in a line corresponding with the internal 

parieto-occipital fissure, and the angular gyrus was obliterated both on its convexity 

and in the sulci, so that the neighbouring convolutions, the ascending parietal with the 

postero-parietal lobule, and the upper extremity of the superior temporo-sphenoidal, 

appeared as if dissected out and laid bare (fig. 22). 

On the right side the lesion was exactly symmetrical with that of the left, the 

occipital lobe being removed, and the angular gyrus entirely obliterated (fig. 21). 

The corpora quadrigemina and optic tracts looked smaller than usual, but beyond 

this had no abnormal appearance. The abdominal and thoracic viscera were healthy, 

but there was some emaciation and absence of fat in the omentum. No local disease 

could be discovered accounting for death. 

Remarks.—This case shows that the complete removal of the occipital lobes and 

angular gyri on both sides causes complete and permanent loss of vision, followed by 

atrophy of the optic discs and fixity of the pupils. Apart from blindness there was 

no defect either as regards motor powers or other faculties of sense. The whole aspect 

and behaviour of the animal resembled that of one blind, the loss of one sense being 

compensated for by the acuteness and education of the others. 

General Results. 

These experiments show that lesions of the occipito-angular region cause affections 

of vision, without affection of the other sensory faculties or motor powers. 

The only lesion which causes complete and permanent blindness is total destruction 

of the occipital lobes and angular gyri on both sides. 

If the lesion extend in front of this region into the ascending parietal convolution 

some affection of motion is seen in the upper extremity on the side opposite the lesion. 

Complete destruction of the angular gyri on both sides causes for a time total 

blindness, succeeded by lasting visual impairment in both eyes. 

Destruction of the convex aspect of the angular gyrus on one side causes temporary 

abolition or impairment of vision in the opposite eye. The defect is not of a hemiopic 

character. Subsequent similar lesion of the other angular gyrus causes bilateral visual 

defect, also only of transient duration. The rapidity of restoration of vision does not 

depend on the integrity of the corpus callosum. 

Deep incisions may be made in both occipital lobes, or the greater portion of one, or 

both occipital lobes at the same time, may be removed without causing any appre¬ 

ciable defect of vision. 

After removal of the greater portion of both occipital lobes lesion of one angular 
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gyrus causes only the same temporary loss or impairment of vision as occurs from 

lesion of the angular gyrus alone. 

Complete removal of the occipital lobe and greater portion of the angular gyrus on 

one side causes temporary blindness in the opposite eye, followed by bilateral 

hemiopia towards the side opposite the lesion. This ceases to be perceptible a few 

weeks after the operation. Recovery ensues even if the other angular gyrus is also 

considerably injured. 

It appears, therefore, that vision is possible with both eyes when only portions of 

the visual centres remain on both sides. 

SECTION II. 

Lesions of the Temporo-Sphenoidal Convolutions. 

Experiment 13* (Plate 22, figs. 23-38). 

In this animal the superior temporo-sphenoidal convolution was exposed in both 

hemispheres, and both were destroyed by means of the actual cautery directed along 

their course with the aid of a director. 

The animal had recovered consciousness by the time the dressings, &c., were com¬ 

pleted. The eyes were open, the pupils equal and contractile, and the conjunctival 

reflex distinct on both sides. 

Within half an hour after the operation it began to look about, and approaching 

the bars of the cage, laid hold and climbed up hand-over-hand. When its hands or 

feet were touched with the point of a pencil it withdrew them, evidently conscious of 

the impressions. 

Two hours after the operation the animal seemed perfectly well, climbing about 

actively. It tried to lay hold of the pencil with which its hands or feet were touched, 

with a view of testing its cutaneous sensibility. 

It, however, paid not the slightest attention to or gave any indications of hearing the 

loudest sounds of various kinds made in its vicinity—sounds which invariably startled 

the other Monkeys near it. 

Next day there was some oedema of the eyelids, but the animal evidently enjoyed 

perfect vision. It gave also clear evidence of perception of a touch anywhere on its 

body. Oil of bergamot held under its nostrils caused it to sniff and make movements 

of its lips, as if it smelt and liked it. Acetic acid caused it to withdraw its head, 

and snort or sneeze out. Salt placed on its lips caused it to make tasting movements. 

As before, not the slightest sign of perception could be caused by any sounds made 

in its vicinity. 

On the fourth day the various tests were repeated. In every respect the animal 

wras perfectly normal except as regards hearing. No sign of hearing could be elicited. 

It was noted that while the other Monkeys eagerly listened to the footsteps of any 

MDCCCLXXXIV. 3 T 
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one approaching, this animal made no sign of curiosity until the person came within 

the range of vision. 

It was noted two days subsequently that the ears did not twitch when loud sounds 

were made, as they did in the other Monkeys whose hearing was undoubted. 

Daily observation was continued, and every variety of test that could be thought 

of Aas made with a view to elicit any signs of hearing, but in vain. Occasionally a 

doubt was raised, but repetition of the tests, and elimination of mere coincidences as 

regards the movements of the head, failed to establish any satisfactory evidence of 

hearing. 

A month after the operation it was placed in a cage with another Monkey, affected 

with hemiplegia. While sounds made in the vicinity invariably excited the attention 

of the hemiplegic animal, the other would go on quietly with what it was engaged 

in, without appearing to have noticed anything. 

The animal was exhibited, six weeks after the operation, before a specially invited 

number of the physiologists attending the International Medical Congress in London 

in August, 1881. While it was climbing about before the audience a percussion cap 

was suddenly exploded in its neighbourhood without causing the slightest start or 

sign of perception ;—in marked contrast to the behaviour of its hemiplegic companion 

exhibited at the same time. (See the Transactions of the International Medical 

Congress, 1881, vol. i., p. 237.) 

Six months after the operation the animal was in the same condition, in excellent 

health and spirits, and deficient in nothing but hearing. Sounds which always 

attracted the attention of the Monkeys failed to elicit any signs of perception. When 

the experiment was tried of one person going to a distance out of sight, while another 

watched, and the one in the distance called the Monkeys as if coming with food, &c., 

all the others would go to the bars of the cage and watch eagerly, while this animal 

would go on with its occupation quite unheedingly. 

Thirteen months after the operation the condition was unchanged. The animal 

was perfectly well, in full possession of all its other faculties, but manifestly totally 

deaf. 

It was killed with chloroform. 

Post-mortem examination.—The orifices in the skull were covered by membrane 

which was adherent to the brain at these points, but there were no adhesions.or 

abnormalities at any other part. 

The left hemisphere.—The membrane was adherent over the lower extremity of 

the anterior limb of the angular gyrus, and over the region corresponding with the 

position of the superior temporo-sphenoidal convolution. This had entirely disap¬ 

peared, its place being indicated by a groove, which was deepest at the lower 

extremity. A small portion of undestroyed cortex was seen at the lower extremity, 

separating the groove from the commencement of the fissure of Sylvius. Elsewhere 

there was no trace of the superior temporo-sphenoidal convolution (Plate 22, fig. 24). 
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Horizontal sections were made of the hardened brain, of which a series of sun-prints 

are seen in Plate 22, figs. 32-38, arranged from above downwards. 

These show that the lesion was strictly confined to the cortex and medullary con¬ 

nexions of the superior temporo-sphenoidal convolution. 

Fig. 32, on a level with the island ofPEiL, shows no trace of the superior temporo- 

sphenoidal convolution. Fig. 33 shows a minute remnant of the medullary fibres and 

cortex. Fig. 34, at the upper extremity of the triangular portion of cortex adherent 

behind the fissure of Sylvius, shows that the medullary fibres have been completely 

severed. Figs. 35 and 36, on a level with the anterior commissure, show similar appear¬ 

ances ; while figs. 37 and 38, at the lower extremity of the temporo-sphenoidal lobe, 

where the lesion was deepest, show that it did not penetrate beyond the medullary 

fibres of the superior temporo-sphenoidal convolution. 

The right hemisphere.—The membranes were adherent over the lower extremity of 

the posterior limb of the angular gyrus and adjacent margin of the occipital lobe, and 

over the region corresponding to the upper half of the superior temporo-sphenoidal 

convolution. The cortex was entirely destroyed, and the medullary fibres severed 

here, leaving a groove. At the lower half of the superior temporo-sphenoidal convo¬ 

lution the cautery burrowed beneath the cortex without destroying it superficially, 

but undermining it and causing considerable reduction in superficial extent as com¬ 

pared with the normal. A series of sun-prints of horizontal sections is given in 

figs. 25-31. 

Fig. 25, through the upper portion of the lesion, shows the temporo-sphenoidal con¬ 

volution destroyed with the exception of a narrow strip immediately posterior to the 

fissure of Sylvius. Fig. 26, at a lower level, shows the medullary fibres completely 

severed. Figs. 27, 28, and 29 present similar appearances, showing the sinus made by 

the cautery, hollowing out and almost completely severing the medullary fibres of the 

superior temporo-spdienoidal convolution; while in figs. 30 and 31 the sinus only 

undermined the posterior half of this convolution. 

Remarks.—This case shows that bilateral destruction of the superior temporo- 

sphenoidal convolution causes loss of hearing without any other defect either in the 

domain of motion or sensation. The fact of deafness in this animal was admittedly 

established before the Physiological section of the International Medical Congress 

in 1881. 

The position of the lesion is proved by the photographs and sections to be in the 

cortex and medullary fibres of the superior temporo-sphenoidal convolutions, where it 

was stated to be. On the left side the destruction was most complete; on the right 

the destruction was not quite complete at the lower half. But the destruction was 

sufficient to cause such loss of hearing that no evidence could be obtained free from 

doubt that this continued even in a slight degree. 

3 t 2 
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Experiment 14*. 

In this animal the middle temporo-sphenoidal convolution was exposed in its upper 

half on both sides, and both were similarly operated on. With the aid of a director 

slipped between the dura mater and the cortex, a wire cautery was passed along the 

course of each convolution with the view of destroying it and its medullary con¬ 

nexions. This could only be done approximately, and as a matter of fact, as will 

be seen from the post-mortem account, the curve of the cortex was not exactly 

followed. 

After the dressing of the wound the animal was awake, the eyes were open, the 

pupils equal and contractile, and the conjunctival reflex distinct in both eyes. 

Half an hour after the operation the animal when called to opened its eyes and 

looked up. When it was sitting quietly afterwards with its head between its knees, 

a splashing of water was made, whereupon it looked up and came to the bars of the 

cage looking for some. 

As regards hearing therefore there was already satisfactory proof. Tactile sensi¬ 

bility was also apparently unimpaired, as it withdrew its hands or feet, when these 

were touched in such a way as to be entirely out of the animal’s range of vision. 

Two hours subsequent to the operation the animal was running about. Hearing 

was acute, the animal frequently stood listening to the Monkeys in the neighbouring 

cage. Sight was perfect, and tactile sensibility unimpaired. 

Next day the animal seemed in every respect normal. Some experiments were 

made in reference to taste. This was evidently not abolished, as gooseberries on 

which some aloes had been sprinkled did not seem to be relished. 

Four days later further experiments on this point were made, and comparison 

was instituted between this animal and that of Experiment 13, which was for the 

time its companion. No. 13* would not eat pieces of orange sprinkled with colocynth, 

but No. 14*, though evidently disliking the bitter taste, eat several pieces. 

The explosion of a percussion cap while the two were engaged with their food 

caused No. 14* to start while No. 13* paid no attention. 

That the animal continued to see, hear, feel, and taste was verified by repeated 

tests during a fortnight’s daily observation subsequent to the operation. 

Owing to some oedema of the cheeks, as if from too great tightness of the dressings, 

the bandages were cut. Next day the dressings were found entirely pulled off, and a 

small slough of the scalp was found to exist, but the edges of the incisions were 

healthy. No further observations were made of the animal, it being to all appearance 

quite well, but it died three weeks after the operation, the slough of the scalp not 

having healed. 

Post-mortem examination.—The openings in the skull situated on each side below 

the parietal eminence were covered over by recent membrane, and there was no hernia 

cerebri, and there was no effusion. But on removal of the brain it was found that 
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there was slight oozing of purulent fluid from the orifice of the wound in the right 

hemisphere. 

The brain was not photographed, but a drawing was made by Mr. F. Le Maistre 

of the right hemisphere, the lesion on the left being similar, though not quite 

symmetrical. The figures have not been reproduced. In the right hemisphere there 

was an area of destruction, caused by the cautery, which had entered instead of 

grazing along the cortex of the middle temporo-sphenoidal convolution. The entrance 

wound was of the size of a threepenny bit, and was situated in the annectent gyrus 

between the posterior limb of the angular gyrus and the occipital lobe. This opening 

was continuous with a sinus, from which the purulent fluid oozed, the direction of 

which was downwards and forwards beneath the cortex, indicated by the point of 

emergence, a small orifice a few millimetres in diameter, situated exactly at the 

lower extremity of the second temporo-sphenoidal sulcus. 

The track of the sinus would be accurately represented by the middle and adjacent 

margin of the third temporo-sphenoidal convolutions. 

Frontal sections of the right hemisphere showed the existence of a cavity, which 

was evidently an enlargement of the original track of the cautery due to the formation 

of pus. This destroyed the greater portion of the medullary fibres proceeding to the 

middle and inferior temporo-sphenoidal convolutions. The superior temporo-sphe¬ 

noidal convolution was intact throughout both in its cortex and medullary fibres. 

In the left hemisphere an area of destruction, corresponding with the entrance of 

the cautery, occupied precisely the same position as in the right hemisphere. 

This led into a sinus, the track of the cautery, which pursued a course beneath the 

cortex, downwards and somewhat further backwards than in the right hemisphere, 

emerging at the lower extremity of the third temporo-sphenoidal convolution, just 

external to the uncus, or end of the gyrus hippocampi. 

Frontal sections of this hemisphere showed destruction of the medullary fibres 

proceeding to the middle and inferior temporo-sphenoidal convolutions; while as in 

the right hemisphere, the cortex and medullary fibres of the superior convolution were 

intact. 

The brain elsewhere was in all respects normal. 

Remarks.—The lesions in this case, especially in the right hemisphere, were evi¬ 

dently larger than those primarily made by the cautery, owing to the occurrence of 

secondary softening. But as no observations were made of the animal for a week 

before its death, the effects, if any, of the further extension of the primary lesion 

were not determined. 

But the track of the cautery was such as to cause extensive destruction of the 

medullary fibres of the middle and inferior temporo-sphenoidal convolutions, and yet 

no defect could be discovered either as regards hearing, vision, tactile sensibility or 

motor power. 
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General Results. 

These two experiments show that the auditory centre is situated in the superior 

temporo-sphenoidal convolution. For whereas hearing was totally abolished by des¬ 

tructive lesion confined to this convolution in both hemispheres, there was no im¬ 

pairment of hearing when the medullary fibres of the other convolutions of the tem¬ 

poro-sphenoidal lobe were broken up. 

SECTION III. 

Lesions of the Convolutions bounding the fissure of Rolando (Rolandic Zone). 

Experiment 15* (Plate 23, fig. 39). 

In this animal the skull was trephined over the region of the middle of the ascend¬ 

ing parietal convolution of the right hemisphere. The application of faradic elec¬ 

trical stimulation to this part of the cortex excited movements of the left hand and 

arm. The part to which the electrodes had been applied was then cauterised with the 

galvanic cautery. 

Three quarters of an hour after the operation the animal in attempting to walk or 

run fell over on the left side from obvious weakness of the left arm. This tendency 

to fall over on the left was frequently observed. An hour and a half after the opera¬ 

tion it was able to run on three legs, the left arm not being used. 

Next day the animal when resting kept the left hand hanging by the side. It 

took hold of things offered it only with the right hand. In walking it was able 

to advance the left arm, but limped, as if unable to bear weight on the hand. In 

climbing it used both legs and the right hand only. Beyond the loss of power in the 

left hand there was no other defect. The sensibility of the left hand was unimpaired, 

as the animal’s attention was excited by a touch on it, and a slight pinch caused it to 

exhibit uneasiness and desire to get away. 

On the fourth day the condition was the same. The animal advanced the left arm 

like the other limbs in walking, but seemed unable to bear weight on the hand, and did 

not use the left hand in climbing. Sensibility to heat on both hands was evidently 

equally acute. 

A fortnight after the operation the animal continued in all other respects well and 

strong, but limped with the left hand. A large piece of pear being offered to it, it 

laid hold of it only with the right hand, but finding it too large to hold conveniently 

in one hand, it did not use the left also, as other Monkeys would, but kept it steady 

while eating by making a point d’appui of the floor. It was observed some time 

after endeavouring to get a piece of bread out of the cage between the bars. As 

the piece was rather large and not easily extracted, the animal managed to put its left 

hand also through the bars, but was unable to grip the object. 
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A few days subsequently it was seen climbing up the bars of the cage in a peculiar 

manner. It did not climb hand over hand like Monkeys generally, but proceeded 

staccado fashion, clinging with the feet, and springing and laying hold higher up with 

the right hand only. 

A month subsequent to the operation the condition was essentially the same. It was 

observed on one occasion after it had climbed in its peculiar manner to the top of the 

cage, to put out the left hand for support, but venturing to lean its weight on it, it 

fell to the ground. 

Seven weeks after the operation the animal was taken out and held while the 

relative strength of the hands was tested. The grip of the right hand was strong 

and vigorous when ones fingers were placed in it, but on the left side there was 

scarcely any perceptible pressure. The slightest pinch caused desire on the part of 

the animal to have the hand released, but the power exerted was very feeble, both as 

regards the hand and flexion of the forearm. 

The animal was found dead one morning two months after the operation, evidently 

from the effects of cold. The season was the middle of winter and the cold intense. 

The heating arrangements of the hutches had also failed to keep the temperature up 

to the usual standard. 

Post-mortem examination.—The brain was everywhere normal, except in the region 

of the middle of the ascending parietal convolution in the right hemisphere. Here 

the cortex was destroyed, and the medullary fibres exposed, over a somewhat irregular 

area about the size of a threepenny bit. The erosion trenched anteriorly on the 

fissure of Rolando, while posteriorly there was an elongated superficial erosion of the 

cortex of the anterior limb of the angular gyrus. 

The upper margin of the lesion was abrupt (fig. 39). 

Remarks.—The effect of this limited lesion of the middle third of the ascending 

parietal, and adjoining margin of the ascending frontal convolution, was weakness, 

not amounting to absolute paralysis, of the left hand, and to a less extent of the 

power of flexion of the forearm. The sensibility was unimpaired. There was no 

other defect. Though there was some erosion of the anterior limb of the angular 

gyrus also, this had nothing to do with the motor defect, as is sufficiently plain from 

the experiments related in Section 1, where it has been shown that no motor paralysis 

occurs from complete destimction of this gyrus. Some experiments were also related 

in this section, showing that weakness of the opposite hand occurred when the lesions 

extended across the intraparietal sulcus into the ascending parietal convolution. 

Experiment 16* (Plate 23, figs. 40-44). 

In this case the left hemisphere was trephined over the upper ext remit p of the 

fissure of Rolando, and the cortex destroyed at this point with the galvanic cautery. 

An hour after the operation the animal was able to walk, but in a lame manner, 

dragging the right leg. 
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It was able to climb and in climbing held on by both bands and with the left foot; 

but the right leg, except for feeble flexion of the thigh on the pelvis, was not moved. 

The face was normal on both sides. Equal signs of sensation were caused by the 

application of heat to either leg. 

At the end of a week the right leg was still dragged in walking, but the thigh 

could be flexed on the pelvis. The right arm at this time was occasionally subject to 

spasms, about the shoulder muscles particularly. In the intervals it could take hold 

of pieces of food, and hold them while eating. 

At the end of ten days the animal, in running, carried the right leg, using the arms 

and left leg freely. The right arm occasionally exhibited spasm on being advanced in 

walking or in laying hold of things. This spasmodic tendency entirely disappeared 

alter two days longer, but the right leg was still carried in running, flexed at the 

thigh and knee. 

Three weeks subsequent to the operation the condition was similar, the right leg 

being capable of flexion at the pelvis and knee, but the foot unable to be used for 

laying hold or climbing. Some slight movement of the ankle-joint was all that the 

loot seemed capable of. 

A month after the operation the animal was able to run about with great activitv, 

carrying the right leg, and also to make considerable leaps, alighting on its hands and 

left leg. 

Six weeks after the operation the relative strength of the limbs was tested while 

the animal was held. The hands seemed equal in their grip and power of resisting 

passive movements. The right leg resisted extension of the thigh and extension of 

the leg, but the foot could be flexed, extended, and moved in various directions 

without resistance. 

The sensibility to pricking wTas evidently equal on both feet, judging from the 

appearance of attention and general movements, but the cutaneous plantar reflex 

reaction was less distinct on the right than left. 

Six months after the operation examination of the patellar tendon reactions showed 

that the right was considerably exaggerated as compared with the left. There was 

well marked rigidity. On dorsal flexion of the right foot, the leg bent on the thigh, 

the hamstring and sural muscles being very tense. When the leg was straightened, 

which caused evident unea.siness, the foot pointed and could not be dorsally flexed. 

Seven months subsequent to the operation the same condition of rigidity of the 

right leg was very marked. The cutaneous plantar reflex of the right foot was also 

distinctly less than of the left. 

Eight months after the operation the rigidity was still more pronounced, extension 

of the leg causing pointing of the toes, dorsal flexion of the foot causing flexion of the 

knee, and abduction of the thigh causing tension of the adductor muscles. All these 

passive movements caused uneasiness when the antagonist muscles were put on the 

strain. 
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The animal, otherwise perfectly well, was killed with chloroform at the end of this 

period—eight months after the operation. 

Post-mortem examination.—The brain was everywhere normal except in the region 

of the upper extremity of the fissure of Rolando in the left hemisphere. Here the 

membrane which covered the orifice in the skull was adherent. On this being sepa¬ 

rated, a destructive lesion of the cortex was found, consisting of a cavity or hollow 

depression caused by loss of substance, situated at the upper extremity of the 

ascending parietal and frontal convolutions, running across the upper end of the 

fissure of Rolando, parallel to the longitudinal fissure. The cavity commenced 

1 centim. anterior to the parieto-occipital fissure, and extended forwards for 1'5 centim. 

Anteriorly it tapered and passed into a superficial erosion, caused by adhesion and 

separation of the dura mater there, which occupied an irregular area over the upper 

extremity of the ascending frontal, and base of the first frontal, convolutions. 

These appearances are seen in the accompanying photograph, which is somewhat 

larger than the natural brain (fig. 40). 

Frontal sections through the lesion showed that it was purely superficial, the cortex 

being merely sheared away from the subjacent medullary fibres. 

The medullary fibres proceeding from this point to the internal capsule were the seat 

of degeneration, and stained less readily with carmine than the rest of the medullary 

fibres. This is seen in the accompanying sun-print of one of these sections (fig. 41). 

Microscopical investigation of the spinal cord after hardening in bichromate of 

ammonia, demonstrated the existence of an area of sclerosis in the pyramidal or 

postero-lateral tract of the right side of the spinal cord through the cervical, dorsal, 

and down to the lumbar region. 

Figs. 42-44 are microphotographs, enlargements of about 12 diameters, of a section 

of the cervical (fig. 42), dorsal (fig. 43), and lumbar region (fig. 44) of the cord respec¬ 

tively. The sections were somewhat imperfect owing to the cord being rather brittle 

from too long maceration in the bichromate solution, but they show very clearly 

the dark area of sclerosis external to the posterior horn in the cervical region ; 

the same in the dorsal region approaching nearer the surface, and somewhat less 

distinctly, owing to less perfect section and photograph, immediately external to the 

posterior horn of the lumbar region, coming quite superficial at this point. [Figs. 43 

and 44 have been printed too dark.] 

Remarls.—This case shows very clearly that a lesion of the cortex in the region 

where electrical irritation causes movements of the opposite leg, gives rise to a 

permanent monoplegia of this limb ; the affection being one purely of motor power 

without loss of sensation. The lesion did not involve the whole of the cortical region, 

irritation of which causes movements of the opposite leg, nor was the paralysis of the 

leg absolute, nor did it affect all movements equally. Those most affected were the 

movements of the foot. The case further demonstrates the important fact that a 

purely cortical lesion is followed by descending degeneration through the whole 
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length of the pyramidal tiact which connects the region of the cortex with the spinal 

region whence the motor roots of the limb emerge. 

It was noted that for several days subsequent to the operation a spasmodic 

tendency was observable in the right arm, especially as regards the shoulder move¬ 

ments and when the animal extended the right arm forwards. 

This receives a satisfactory explanation in the inflammatory adhesion of the mem¬ 

branes and superficial erosion of the cortex in the region of the upper extremity of 

the ascending frontral convolution and base of the first frontal. The region specially 

implicated was centre 5 (Ferrier), electrical irritation of which causes extension 

forwards of the arm. 

The adhesion was probably caused by the use of styptics to still haemorrhage, which 

occurred to a considerable extent daring the operative procedure: 

But as the irritation subsided the right arm ceased to be affected by spasm, and no 

permanent abnormality was created. 

Experiment 17* (Plates 23 and 24, figs. 45-51). 

In this animal, a large Monkey of the Oynocephalic type, the right hemisphere was 

exposed over the upper half of the ascending frontal and ascending parietal convolu¬ 

tions, and this region was destroyed by the galvanic cautery, as close up to the longi¬ 

tudinal fissure as could be reached without exposing this to view. 

It was observed that as the animal was regaining consciousness during the dressing 

of the wound, it used not only the right arm and leg, but also made some flexion and 

extension movements of the left thigh ; the left arm was not moved. 

Half an hour after the operation it was found that pricking the sole of the right 

foot caused the animal to struggle and withdraw the foot, whereas pricking the left 

foot caused the animal to struggle and express uneasiness, but the foot was not 

moved. 

A similar observation was made as regards the right and left hand. The animal 

evidently from its gestures felt the stimulus as well on the left as right, but it could 

not withdraw the left hand. 

Next day the animal seemed in capital health, but was hemiplegic on the left side. 

The face was not affected. In grinning the two sides of the face acted equally. The 

animal was able to flex and extend the left thigh feebly, and also extend the left leg, 

so that it could raise itself when it wished to take a piece of apple offered it at some 

height above the head. This it took with the right hand. The left arm was kept 

at the side in a state of semiflexion. It was observed in struggling to make also 

some flexion of the fingers of the left hand. Heat applied to either hand or foot 

excited the same grimaces indicative of sensation. 

On the fourth day the condition was similar. In walking the left arm was kept 

in the semiflexed position and the left leg was dragged, the toes catching on a ledge 

which the animal was crossing. 
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Three weeks after the operation the weakness of the left side was still very evident. 

There was feeble power of extension and flexion of the left thigh and extension of the 

left leg; the left foot was dragged in walking; the left arm was generally kept by the 

side in a semiflexed position, but some flexion of the forearm and flexion of the fingers 

was occasionally observed in struggling. 

A few days subsequently it was seen, when struggling to lay hold of a piece of apple 

with its right hand and not able to reach it, to put forth its left hand feebly and close 

its fingers over it. 

At this period the animal was held while the resistance to passive movements of the 

limbs respectively was tested. There was very feeble power of resistance to passive 

movements of the left leg, while this was very vigorous in the right. There was in 

the left arm special resistance to the passive extension of the forearm. 

A month after the operation the animal was able to move about actively and climb. 

In climbing the left hand was used feebly to grip the bars of the cage, but no weight 

was rested on it. The left foot was dragged in wmlking, and no grip was made with 

it in attempts at climbing. 

The left patellar reaction was greater than the right. The cremasteric reflex was 

more distinct on the right than left side. The cutaneous sensibility was to all 

appearance equally acute on both sides ; pinching, heat, &c., eliciting equal attention 

and signs of uneasiness. 

Two months after the operation the weakness of the left arm was still very evident. 

The animal could use it feebly both in climbing and for prehension. The left leg was 

especially weak. In attempts at climbing the left leg was only feebly flexed and 

never raised so high as the other, while the grip of the toes was almost nil. In 

jumping down the animal always alighted only on the right foot. 

Ten days after the last observation a lesion was established in the left hippocampal 

region, the effects of which will be described subsequently (Section 5, Experiment 

24"'r). Continuing the history of the condition of the left side, it was found, on exami¬ 

nation eight months after the operation, that while the animal was struggling against 

being held, the left leg was little or not at all used. Vigorous gripping was made with 

the right. There was evident rigidity of the left leg. The foot was kept more or less 

pointed, and dorsal flexion caused great tension of the sural muscles. The left 

hand was very feeble as compared with the right, and there was considerable 

resistance to passive extension of the forearm,—the biceps and other flexors of the fore¬ 

arm becoming tense. 

The left patellar reaction was exaggerated. The left superficial reflexes were 

generally less distinct than the right. 

The animal resented pinching, pricking, &c., on the left side as much as on the right. 

Fifteen months after the operation the condition was similar. It was observed at 

this time that frequently when the animal was resting its weight on the left foot, 

clonus came on, causing the leg to dance. 

3 u 2 
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Nineteen months after the operation, just before the animal was killed with chloro¬ 

form, an examination was again made as to the relative strength of the limbs while 

the animal was held on its hack. 

It struggled violently with the right leg, gripping very tightly with the right foot 

whatever it could lay hold of, but the left leg was scarcely used at all, and no attempt 

wasx made to grip with this foot. 

The left hand gripped feebly, and this and all the other movements of this limb were 

very easily overcome. The condition was essentially the same as on examination a 

year before. 

Post-mortem examination.—The brain was everywhere normal except in the region 

of the upper half of the fissure of Rolando in the right hemisphere, and in the left 

hippocampal region. 

The lesion of the left hemisphere will be described subsequent^ (see Exp. 24"). 

In the right hemisphere there was destruction of the cortex accurately limited to the 

upper half of the ascending frontal and ascending parietal convolutions. 

The upper margin of the lesion was from 2 to 3 rams, distant from the longitudinal 

fissure, the edges of which were intact. The convex aspect of the superior frontal 

convolution, corresponding with the broad base of the superior frontal, was deeply- 

eroded ; and the grey matter was similarly eroded from the convexity of the ascending 

parietal convolution along the whole-length of the intraparietal sulcus. 

Between the two the fissure of Rolando was still visible, the grey matter at the 

depth of this not having been destroyed. The greater part of the postero-parietal 

lobule was intact, as well as the lower half of the ascending frontal, and lower 

extremity of the ascending parietal convolution (fig. 45). 

The cranial nerves were intact, as well as the optic tracts and crura cerebri. The 

corpora quadrigemina and cerebellar peduncles were uninjured. 

The right crus cerebri was seen to be very appreciably flatter than the left, espe¬ 

cially at the middle of the foot of the crus. The right side of the pons was also flatter 

than the left. 

The left middle peduncle of the cerebellum was somewhat less prominent than the 

right, but no perceptible difference could be made out between the right and left lobes 

of the cerebellum. 

The right pyramid (fig. 46) was only half the size of the left, and slightly greyer 

in tint. 

At the middle of the olivary body the transverse diameter of the right pyramid 

measured only 2 mms., -while the left measured 4 mms. 

The left half of the spinal cord was also only half the size of the right. 

From the junction of the anterior with the posterior cornu to the surface of the 

lateral column the left measured 1’5 mm., -while the right measured 3 mms. 

The posterior columns were equal. 

Transverse sections of the crura cerebri (fig. 47) showed that the middle 



LESION OF DIFFERENT REGIONS OF THE CEREBRAL HEMISPHERES. 517 

of the foot of the right crus was only half the diameter of the left, and stained more 

deeply with carmine—characteristic of sclerosis. The outer portion of the foot of the 

crus was however equal on both sides. Similar sections through the pons (fig. 48) 

showed the same relative reduction and sclerosis of the right pyramidal tracts. 

(The figures are microphotographs of sections magnified about 8 diameters.) 

In the spinal cord the secondary degeneration was still more striking. Sections 

through the cervical, dorsal, and lumbar regions (figs. 49, 50, 51) showed an extra¬ 

ordinary reduction and distortion of the left antero-lateral column. This was due 

to atrophy and contraction of the pyramidal tract or posterior part of the lateral 

column, from which the nerve-fibres had almost entirely disappeared, their place being 

taken by connective tissue staining deeply with carmine. The contraction had 

drawn the posterior horn to the left and forwards—particularly well seen in the 

dorsal region—and had so pulled upon the posterior column as to cause perceptible 

separation of the column of Burdach from the column of Goll. This is marked by a 

fissure visible in all the sections on the left, but not on the right side, or only very 

faintly. Though the left posterior column was distorted, its area was not reduced, as 

may be seen by examination of the sections. 

Remarks.—This case shows that a destructive lesion implicating the cortex of the 

upper half of the ascending frontal and corresponding portion of the ascending parietal 

convolution causes marked and permanent impairment of voluntary motor power in 

the opposite limbs, the face being unaffected. 

The sensibility of the paralysed limbs remained acute and to all appearance 

unimpaired. 

The paralysed limbs, especially the leg which was most affected, exhibited in course 

of time the late rigidity or contracture with exaggeration of the tendon reactions, 

which is so characteristic of hemiplegia with descending sclerosis of the pyramidal 

tracts in man. 

The sclerosis of the pyramidal tracts was in this case unusually well pronounced as 

far as the lumbar region of the cord. This was doubtless due to the long period that 

had elapsed since the establishment of the lesion—more than a year and a half. 

Hence the great shrinking of the degenerated tracts and consequent distortion 

of the spinal cord seen in the sections. It is further noteworthy that though in this 

case there was also an extensive lesion in the left hemisphere, but not in the motor 

area, no secondary degeneration existed on the right side of the spinal cord. 

Experiment 18* (Plate 25, figs. 52-55). 

In this case the left hemisphere was exposed in the region of the fissure of 

Rolando, and the ascending frontal and bases of the three frontal convolutions, and 

ascending parietal convolution were destroyed by the galvanic cautery as far as could 
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be reached without actually exposing the extreme upper and lower extremities of 

these convolutions. 

An hour after the operation the animal, in trying to move, fell over on the right 

side, the right arm and leg appearing quite helpless. At this time heat applied to the 

fingers and toes of the right and left side respectively caused equal signs of uneasiness. 

Hearing and vision were unimpaired, the animal responding to sounds, and making 

gestures when approached. 

Next day the right hemiplegia was very pronounced, the animal dragging the 

right limbs, moving on with the aid of the left hand and foot. There was visible, 

when the animal was drinking from a dish, a tendency of the head to the left side. 

At the same time also the eyes tended to the left. The animal was, however, able to 

move the eyes towards the right, but at rest they maintained a slight deviation 

towards the left side. 

The right angle of the mouth was somewhat more open, and drooped a little, as 

compared with the left. 

On the sixth day the animal was more active and more willing to move about than 

before. There was still some tendency to deviation of the head to the left, and the 

eyes did not seem to move so well to the right as to the left. 

The animal was able to mount on its perch with the aid of its left hand and foot. 

It had great difficulty in getting its right foot on to the perch, but succeeded 

ultimately by hitching movements of its trunk. Slight power of flexion of the 

thigh and leg was visible. 

During struggles also the right forearm would flex a little. The hand was not 

moved, and when the animal was at rest the arm was kept by the side semiflexed, 

and the fingers flexed over the thumb. 

Slight weakness of the right facial muscles was still perceptible. 

On the ninth day no tendency of the head or eyes to the left could be discovered, 

but the defective action of the right side of the mouth was still very perceptible when 

the animal grinned. With the exception of some power of flexion of the right thigh 

and leg, the right lower extremity was helpless. In struggling some shoulder move¬ 

ments of the right arm and flexion of the forearm occurred, but no volitional use of 

this arm was seen. The right patellar reaction was more distinct than the left. 

On the fourteenth day the condition of the limbs was essentially the same, but 

the facial paralysis on the right side was not very perceptible, though food seemed to 

accumulate more readily in the right cheek-pouch than the left. 

Tin ■ee months after the operation the animal, in moving about, was able feebly to 

flex the right thigh and leg so as to lift the foot clear of the ground, but the foot had 

not moved on the ankle. It carried the right arm by the side semiflexed ; occa¬ 

sionally, in struggling with the left side, making some shoulder movements of the 

right arm, and slight flexion of the right forearm. Occasionally also the fingers of the 

right hand were seen to flex under the same circumstances, viz.: associated with 
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similar action of the left. The slightest touch on the limbs attracted the attention of 

the animal as much on the right side as the left. 

Four months subsequent to the operation the condition was essentially the same, 

the associated movements of the right arm and fingers being frequently seen along 

with similar vigorous movements of the left arm. No volitional movement, prehension, 

&c., had ever been made with the right arm. The foot was lifted en masse with the leg 

when the animal moved about. 

Six months after the operation the associated movements of the right arm were 

sometimes seen in a very remarkable manner. When the animal scratched itself 

vigorously with the left hand, a similar scratching action was initiated on the right, 

and this was frequently continued for a distinct interval after the left had ceased. 

The scratching with the right hand was made in the air, and quite without purpose. 

Seven months after the operation the pliability of the right leg to passive move¬ 

ments was somewhat diminished, and there was a tendency to equino-varus when the 

leg was fully extended. There was no marked rigidity of the right arm, though the 

thumb when straightened readily returned to its position of flexion on the palm. The 

fingers could be straightened without causing great tension of the flexors. The 

animal was exhibited before the Physiological Section of the International Medical 

Congress of 1881, nearly eight months after the operation 

“ The movements of the leg were seen to be greatly impaired, and the arm quite 

powerless, being maintained flexed at the elbow, the thumb bent on the palm, and the 

finders semiflexed.”* 

The animal was killed with chloroform, and a committee was appointed to examine 

and report on the condition of the brain, along with that of a Dog exhibited by Prof. 

Goltz at the same time. 

A photograph was taken of the brain, which is here given (Plate 25, fig. 52). As 

it was not considered very satisfactory, a drawing was made and a woodcut, which 

will be found in vol. 1, p. 243, of the Transactions of the Congress. 

A preliminary account of the brain was also given by Prof. Schafer,, and a more 

extended and corrected report has been since published by him in the ‘ Journal 

of Physiology,’ vol. 4, Nos. 4 and 5. The region destroyed comprised: “ The 

ascending frontal convolution except a very small portion of the upper end next the 

great longitudinal fissure and except also at its lower end ; about one centimeter in 

length, or nearly one-third of the whole length of the convolution, here remaining 

intact. The posterior third of the upper division of the anterior portion of the (frontal) 

lobe, the lowrnr division remaining untouched. 

“ In the parietal lobe : the greater part of the ascending parietal convolution, only 

about 5 mms. at the upper end, and 6 mms. at the lower end remaining. A small piece 

of the parietal lobule. Rather more than the half (longitudinally) of the ascending 

limb of the angular gyrus, and of the supramarginal convolution. 

* Transactions of tlie Int. Med. Congress, 1881, vol. 1, p. 237. 
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“ The other lobes are not encroached on by the injury, nor is the internal surface of 

the hemisphere, although, as will be explained presently, it is probable that by an 

undermining process of secondary nature, a portion of the marginal convolution mav 

have been cut off from continuity with the central parts of the cerebrum.” 

The area of destruction was covered by adherent dura mater, under which was a 

secondary cavity, but the whole lesion was external to the central ganglia. 

Microscopical sections of the brain demonstrated the existence of secondary degene¬ 

ration in the left internal capsule, in the foot of the crus cerebri, anterior pyramid, and 

at the upper part of the cervical cord, in both pyramidal tracts. 

In the lower cervical, dorsal, and lumbar regions of the cord, sections by Dr. Ferrier 

(Plate 25, figs. 53, 54, 55) demonstrated the existence of secondary degeneration only 

in the pyramidal tract of the right side of the cord. Slight contraction and con¬ 

sequent distortion had also occurred here as in the previous case—Experiment 17*, 

but the changes were much less marked, probably due to the relatively much shorter 

period that had elapsed between the lesion and death. 

Remarks.—The lesion in this case implicated the whole of the so-called motor area 

more or less, the centres for the leg and face being only partially destroyed. As a 

result there was motor hemiplegia of the opposite side, with temporary conjugate 

deviation of the head and eyes, partial facial paralysis, and incomplete paralysis of 

the leg. 

The hemiplegia was of a permanent character, as was evidenced by the commencing 

contracture or late rigidity, and the demonstration of secondary degeneration in the 

pyramidal tracts. The animal, except for the right hemiplegia, was in other respects 

perfectly normal. There was no affection of the special senses, and there was no 

discoverable impairment of sensation in the paralysed limbs to touch, or any form 

of painful stimulation, heat, pinching, &c. 

General Results. 

These experiments show that destructive lesions of the cortical areas, irritation of 

which by electrical stimuli causes definite movements on the opposite side, cause 

motor paralysis without loss of sensation, limited (monoplegia), or general (hemi¬ 

plegia), according to the position and extent of the lesion. The degree of paralysis 

varies with the completeness of destruction of the grey matter of the respective 

centres. It is further seen that destructive lesions limited to the cortex and sub¬ 

jacent medullary fibres of the Rolandic zone give rise to secondary degeneration 

(sclerosis) of the pyramidal tract, traceable from the seat of lesion in the internal 

capsule, crus cerebri, and anterior pyramid of the same side, and in the postero-lateral 

or pyramidal tract in the opposite side of the spinal cord. 
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SECTION IV. 

Lesions of the Frontal Lobes. 

Experiment 19 (Plate 25, fig. 56). 

In this animal, which was very vivacious and intelligent, the frontal lobes were 

exposed on both sides. Faradic stimulation of the base of the first and second 

frontal convolution on the left side was found to cause movement of the head and 

eyes to the right. This region, viz. : the base of the superior and middle frontal 

convolutions, ivas then seared, with the cautery, first on the left, and then on the right 

side. On the animal recovering consciousness, which it did after the dressing of the 

wound was finished, it sprawled with all four limbs, and opened both eyes. The 

pupils were contractile to light, but the right was somewhat smaller than the left. 

Half an hour after the operation the animal was able to sit up, which it did holding 

the head bent on the chest. There was no distortion of the head. An hour after the 

operation it was able to move about freely and to climb up the bars of the cage, hand 

over hand. It started at sounds but did not turn the head or eyes, excejit perhaps 

slightly to the right, when sounds were made close to each ear respectively. 

The head shook when the animal stooped, and there appeared to be a want of power 

to turn the head without the body as a whole. 

An hour and a half after the operation the animal wandered about restlessly, and 

when it sat still the head oscillated—nutation. Sight was unimpared. The slightest 

touch on any part of the head, neck, or other part of the body caused the animal to 

put its hand to the spot, showing unimpaired tactile sensibility. It started to sounds 

made to the right or left, but did not look round as other Monkeys do under similar 

circumstances. In turning it described a considerable circle, evidently from defective 

mobility of the head and eyes laterally. 

Next day there was some oedema of the eyelids so that the eyes could not be seen 

distinctly. Tapping close to the ears caused them to twitch, but the animal did not 

look round, except perhaps slightly to the right. Tactile sensibility of the head and 

neck was as acute as elsewhere, the animal always putting its hand up to the place 

touched. 

The animal was very dull and listless, paying no attention to its surroundings, or 

occasionally running about in an aimless manner. 

On the fourth day the condition was essentially the same. But to-day it was seen 

to turn its head both to the right and left without turning its body as a whole. The 

eyeballs were not fixed but moved about in various directions. The movements of the 

limbs were in every respect perfect. 

There were at this time indications that the wound was not aseptic, which was 

attributed to the fact that the anterior extremity of the wound was not sufficiently 

protected by the dressings. 
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On the fifth day the animal passed into a state of coma, in which condition it died. 

Post-mortem examination.— On removal of the dressings pus was found exuding 

from the edges of the wound. The antiseptic arrangements had failed by reason of 

the difficulty of protecting the anterior extremity of the incision. 

The seat of lesion in both frontal regions was covered by a layer of pus. There was 

no adhesion of the dura mater, except slightly at the posterior margins of the lesions, 

but there was general hyper-vascularity of the pia mater. There was however no 

effusion at the base, or sign of suppuration except in the frontal regions as before 

described. 

On removal of the brain the anterior extremities of the frontal lobes with the 

olfactory bulbs and tracts, and the orbital lobules were found to be quite normal; 

free from signs of inflammation. All the cranial nerves were intact. 

The convex aspect of each frontal lobe was the seat of an oval depression, caused 

by loss of substance and suppuration, of almost precisely equal extent, but not quite 

symmetrical as to position. 

On the left the lesion occupied the whole of the middle frontal convolution from 

the precentral sulcus to the orbital margin, and invaded the middle of the superior 

frontal convolution up to within ^th of an inch of the longitudinal fissure, leaving a 

triangular portion of the base, and,a corresponding portion of the anterior extremity 

uninjured. The middle portion of the inferior frontal convolution was also involved 

in the lesion, while the posterior and the anterior extremities were uninjured. 

On the right side the margin of the oval shaped lesion extended slightly farther 

back into the base of the superior and middle frontal convolutions than on the right, 

but did not come so close to the longitudinal fissure. A triangular portion—the base 

posteriorly—of the superior frontal convolution along the margin of the longitudinal 

fissure was intact. The narrowest portion of this measured inch across. 

The inferior frontal convolution was represented only by a portion of the base, 

and a small apex anteriorly. 

Remarks.—This case was unsuccessful in a surgical point of view, the antiseptic 

arrangements having been imperfectly carried out, hence suppuration and complication 

of the phenomena ascribable to the experimental lesions. 

But there was plainly in the first instance, before such complications occurred, as 

the result of destructive lesions of the regions,—electrical irritation of which causes 

movements of the head and eyes to the opposite side—[centre 12 (Ferries,)]—abolition 

or great impairment of the lateral movement of the head and eyes, and instability of 

the head and neck, all other movements being unimpaired. There was no defect in 

tactile sensibility in the head and neck or other part of the body, or in the faculties 

of special sense. The mental aspect of the lesions wTas general apathy as regards 

surroundings, varied by aimless restlessness. 

Notwithstanding' the further extension of the original lesions by inflammation and 
O O v 
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suppuration, the lateral movements of the head, and movements of the eyeballs, 

were seen before the animal passed into the state of semi-coma preceding death. 

Experiment 20 (Plate 25, fig. 57). 

In this animal the frontal lobes were exposed on both sides anterior to the pre¬ 

central (antero-parietal) sulcus, and the convexity of both lobes in advance of this 

sulcus generally seared and broken up by the galvanic cautery. 

On regaining consciousness immediately after the dressing of the wound, the animal 

was able to open both eyes and to make sprawling movements with its limbs. 

Half an hour subsequently it was seen, in trying to walk, to sprawl along on its 

ventral surface, as if unable to keep its head up. It was able, however, when it came 

to the bars of the cage to sit up and try and climb. 

An hour after the operation it was seen, in climbing up the bars of the cage, to let 

its head drop between the bars as if powerless, and it did not turn its head or eyes to 

either side when touched or when sounds were made, though it evidently, by its 

general movements, both felt and heard. 

When the animal was sitting up, which it could do quite well, the head was held in 

the natural position, not drooping and not shaking or oscillating. 

Next day the animal seemed in perfect health, running about restlessly hither and 

thither. There seemed no defect in the power of carrying its head, or in turning its 

head and eyes to either side without turning the trunk. The general motor powers 

were unimpaired. Tactile sensibility in the head and neck and elsewhere appeared 

perfectly normal; and sight, hearing, and the other faculties of sense also unimpaired. 

No physiological deficiency could be discovered. 

On the third day the condition was the same. The animal was in the most constant 

state of activity and restlessness, running about incessantly, and fumbling about 

among the straw, &c., at the bottom of the cage. 

Next day it was watched for a long time, but no defect could be ascertained as 

regards its motor or sensory faculties. Occasionally it would sit still looking vacantly, 

but most commonly it was engaged running about restlessly, or fumbling at the 

bottom of the cage. 

No further change was seen during daily observation for ten days after the opera¬ 

tion, the animal continuing in the same alternately dull and restless condition. 

The weather at the time was intensely cold, and without any other discernible 

cause than this the animal died eleven days after the operation. 

Post-mortem examination.-—The edges of the wound in the scalp had not healed, 

but there was no suppuration or effusion. There was no effusion or sign of inflam¬ 

mation within the skull, and the brain was everywhere normal except in the frontal 

region. 

On the left side the cortex was entirely destroyed over the anterior two-thirds of 

3x2 
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the convex aspect of the superior frontal convolution. The tip of this had been almost 

entirely severed by a transverse incision, which did not however extend to the orbital 

aspect. The mesial aspect of this convolution was also uninjured. The cortex was 

also deeply eroded, but not entirely removed, over the whole extent of the middle 

frontal convolution, except at the base; and the inferior frontal convolution was 

also almost entirely destroyed, the base remaining uninjured. 

On the right side the middle frontal convolution was almost entirely destroyed, 

a small portion of the base immediately adjoining the precentral sulcus still remaining. 

Though the superior frontal convolution still retained the cortex for a breadth of a 

quarter of an inch external to the longitudinal fissure, yet it was undermined by 

severance of the medullary fibres almost close up to the longitudinal fissure. 

The base of the inferior frontal convolution was uninjured, but the rest was entirely 

destroyed. 

The orbital aspect, with the olfactory tracts and bulbs, was free from lesion, though 

the orbito-frontal margin was ragged and eroded. 

Remarks.—This case was also unsuccessful as regards long duration of observation, 

but it is instructive as showing that destruction of the greater portion of the cortex of 

the frontal lobes anterior to the precentral sulci, though at first causing great impair¬ 

ment of the movements of the head and eyes, particularly in a lateral direction, does 

not permanently render these impossible. For already on the second day after the 

operation, movements of the head and eyes to either side were seen without any 

appearance of stiffness or turning of the trunk. The lesions, however, did not impli¬ 

cate the whole of the regions irritation of which causes lateral movements of the head 

and eyes. 

There was no defect of motor power other than of the head and eyes immediately 

after, or at any time subsequent to the lesion; and common and special sensibility 

were unimpaired. The curious purposeless restlessness before observed was also very 

evident in this case, alternating with general dulness and apathy. 

Experiment 21 (Plate 25, figs. 58, 59). 

In this animal—a large dog-faced Monkey—the frontal regions were exposed in both 

hemispheres, and severed by the galvanic cautery by a transverse incision just anterior 

to the precentral sulcus. Both frontal lobes were removed bodily. 

An hour after the operation the animal lay with its eyes shut, but partially opened 

them when disturbed, and made spontaneous sprawling movements with all four limbs. 

Sensibility was evidently retained all over the body, as it moved or grunted if slightly 

pinched anywhere. 

Ammonia held before its nostrils caused it to snort or sneeze. 

An hour after the operation it would start at sounds, opening its eyes feebly, 

and also if touched anywhere on the trunk or limbs. The right arm and leg did 
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nut seem to act with so much vigour as the left in its spontaneous movements. It 

was unable to sit up. 

Next day the animal was found in a sort of dozing condition, but opened its eyes 

when called to, or if touched anywhere. It was able to move all four limbs ener¬ 

getically and grip firmly with both hands and feet. It was also seen to move its head 

backwards and forwards. It could extend its trunk, but was unable to sit up. It 

could also move its tail, and its facial muscles were seen to act normally when the 

animal grinned, which it did if disturbed. 

The animal died suddenly when being fed. 

Post-mortem examination.—Examination showed that the cause of death was a 

recent hsemorrhage which filled the anterior fossa of the skull, and extended to some 

extent over the convexity of the hemispheres, and towmrds the base of the brain. 

Both frontal lobes had been completely removed by a frontal or transverse vertical 

incision immediately anterior to the precentral sulcus on each side. The base of the 

superior frontal convolution, and a small portion of the base of the middle frontal 

convolution at the upper bend of the precentral sulcus still remained intact however. 

The whole of the frontal lobes in advance of this had been divided down to the 

orbital surface, the incision being just anterior to the optic commissure, which, with 

the optic nerves, was uninjured. The olfactory tracts had also been severed, less 

completely on the left than the right. 

The temporo-sphenoidal lobes were intact. On the surface of the plane of section 

were clearly seen the divided anterior portion of the corpus callosum, and the head 

of the corpus striatum which was cut somewhat further back on the left side than 

on the right. 

Remarks.—Notwithstanding the formidable character of the operation, life might 

have continued but for fatal secondary haemorrhage. The amount of recovery 

within an hour of the operation wras very remarkable. 

The animal retained consciousness, was able to make volitional movements with 

all four limbs, though owing to the greater amount of lesion in the left hemisphere, 

the right limbs were not so strong as the left. Vision was retained, as well as 

hearing and tactile sensibility. The facial movements were unimpaired. 

The only defect observed was the inability of the animal to move its head laterally 

or sit up, though it was able to extend the head and trunk. 

Experiment 22 (Plate 26, figs. 60-73). 

In this animal both frontal lobes were exposed towards their anterior extremities, 

the middle frontal sulcus being visible in the centre of the exposed region. The 

tip of the frontal lobes could be reached and raised with the handle of a scalpel. 

Electrical exploration was made of the exposed frontal lobe on the right side. 

Irritation at the base of the superior and middle frontal convolutions—centre 12 

(Ferrier)—caused movement of the head and eyes to the left. 
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More anteriorly stimulation seemed frequently associated with movements of the 

eyeballs to the opposite side, but they fluctuated so that occasionally doubt was 

entertained. But there was no action whatever of the head or trunk. 

Unless the movements of the eyeballs were directly caused by irritation, the results 

of electrisation of the prefrontal lobes must be set down as negative to all external 

appearance. 
X 

The whole convex surface of the prefrontal lobes, in advance of centre 12, was then 

cauterised with the galvanic cautery. The mesial aspect of these regions was also 

cauterised; the anterior part of the falx being divided and tied so as to allow of this 

being done as effectually as possible. Anteriorly the destruction was effected as far 

forward as could he done without injury to the olfactory bulbs. The orbital aspect 

of the lobes was slightly raised so as to allow of complete destruction of the lower 

frontal convolution. 

The cauterisation thus implicated the anterior two-thirds of the three frontal 

convolutions, so far as could be determined before death. 

When the dressings had been applied the animal continued for a short time to 

have muscular twitchings, as if from some irritation of the dura mater, but in little over 

an hour was able to sit up and walk a few steps, though rather shaky. It was able 

to open its eyes, and it withdrew its hands and feet when they were touched. 

A touch on the right ear caused movement of the head to the left, and a touch on 

the left caused movement to the right. 

Next day the animal seemed perfectly recovered. It ran about actively ; took 

things offered it with the utmost precision. Particular attention was paid to the 

movements of the head and eyes. These were evidently retained in their integrity, 

for the animal turned its head to either side without moving its trunk, and forwards 

and backwards with perfect freedom. Hearing was acute and tactile sensibility 

unimpaired everywhere. Smell was retained, judging from the apparent pleasure 

excited by oil of bergamot placed under its nostrils. Ammonia excited active signs of 

irritation in the nostrils. 

No physiological defect could be discovered. Nor could any very definite alteration 

in the animal’s mental character be determined. It seemed only less timid of its com¬ 

panion, and persisted in stealing food out of its hands, though punished every time 

with an angry bite or a tug, But from this time onwards till its death by chloroform, 

eleven weeks after the operation, it continued in perfect health and exhibited no 

perceptible deviation from the normal. 

Post-mortem examination.-—The orifices in the skull in the frontal region were 

covered by membrane continuous with the dura. The dura stripped readily without 

trace of adhesion, everywhere except at the seat of lesion in the prefrontal lobes. 

It was found on removal of the brain that the olfactorv bulbs and tracts were 
*/ 

uninjured. These were removed intact, and without any signs of adhesion. 

Examination of the brain after removal of the adherent membrane revealed an 
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almost complete obliteration of the prefrontal lobes. Except a minute portion of the 

frontal extremities overlying the olfactory bulbs and the base of the superior and 

middle frontal convolutions (centre 12), all the intervening portion of the superior, 

middle, and inferior frontal convolutions had been destroyed, the destruction involving 

the orbito-frontal margin of the hemispheres as far as the central point of the 

triradiate fissure. 

Owing to the contraction caused by cicatrisation, the uninjured frontal apices came 

within a quarter of an inch of the anterior margin of the posterior third of the superior 

frontal convolutions which remained intact. For the same reason the orbital aspect 

of the hemispheres was tilted upwards and backwards to a considerable extent (fig. 60). 

Microscopical examination.—The brain after being sufficiently hardened in alcohol 

was cut in a series of frontal oblique sections, parallel to the direction of the* fissure of 

Rolando. They were stained with carmine, and sun-prints taken of sections at 

different levels from before backwards. They are seen on Plate 26, figs. 61 to 71. 

Figs. 72 and 73 are transverse sections of the medulla oblongata at the upper and 

middle of the pyramids respectively. 

Fig. 65 first shows clearly a condition, which is more obscure in the preceding 

sections, of sclerosis of the lowermost and innermost fibres of the crescentic shaped 

section of the internal capsule. The sclerosed parts being more deeply stained by 

carmine come out a lighter shade in the sun-prints. They are situated here on each 

side of the oblique section of the third ventricle. In fig. 66, which is essentially the 

same as fig. 65, the lighter sclerosed portions are seen in the same position. In fig. 67, 

behind the optic commissure, the patches occupying the same relative position are 

situated nearer the base. In fig. 68 they occupy the innermost part of the foot of the 

crus, and so in figs. 69 and 70 somewhat further back. 

Fig. 71 is a section just at the emergence of the crura from the anterior aspect of 

the pons, and owing to the obliquity of the section the anterior margin of the pons 

bridges over the space between the crura. The section does not show7 so well as the 

former ones, being cut on somewhat a different plane and not so well stained. But at 

the innermost margin of the crus the sclerosis is still more or less apparent, being 

indicated by the white patches. The sclerosed patches were visible in all the sections 

as far as the crura cerebri, but they could not be traced beyond. Whether the bundles 

turned up into the corpora quadrigemina or became lost in the pons I have not been 

able to determine. 

But as Sections 72 and 73 show, there was no sclerosis visible in the anterior 

pyramids of the medulla oblongata. 

Remarks.—No cerebral lesion could wrnll have been more latent or devoid of 

symptoms, either physical or mental, than this. 

There was no discoverable sensory or motor defect, and no determinable pyschological 

alteration. Yet the prefrontal lobes on both sides were destroyed to a very great 

extent. But the bases of the three frontal convolutions, irritation of which reuion 
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causes the movement of the head and eyes to the opposite side, were practically 

intact. 

But though as regards discoverable symptoms the case was negative, the micro¬ 

scopical investigation of the brain revealed facts of great importance both as regards 

the anatomical relations and probable physiological significance of the prefrontal 

cerebral regions. 

The sections demonstrate the occurrence of secondary degeneration or sclerosis of 

certain fibres of the internal capsule and crura cerebri. These occupy the lowermost 

and most internal aspect of the transverse sections of the internal capsule, and the 

most median bundles of the foot of the crus cerebri. The further destination of these 

bundles, whether they end in the corpora quadrigemina or in the pons, was not deter¬ 

mined. But the facts demonstrated show that the prefrontal regions are anatomically 

in connexion with the median bundles of the foot of the crus and corresponding fibres 

of the internal capsule. 

Experiment 23 (Plate 27, figs. 74-86). 

In this animal the frontal lobes were exposed on both sides, and the cortex cauterised 

extensively towards the base of the three frontal convolutions. When this was done 

first on the left side the eyes were seen to be deviated to the left. On the right side 

the destruction was somewhat less extensive. In less than an hour after the opera¬ 

tion the animal was able to sit up and move about spontaneously, keeping its head 

down and its eyes shut. No further observations were made at this time. Next 

day the animal was found resting on its perch in a drowsy condition with its eyes 

shut and taking no notice of anything. But when a piece of apple was held under its 

nose, it at once put up its hand to seize it—smell being evidently retained. Tactile 

sensibility was also acute everywhere, as it moved if touched on the head, or on its 

hands or feet. It turned its head upwards and to the right when the right ear was 

tickled; and it frequently shook its head from side to side as if to remove irritation. 

The eyes being forcibly opened were seen to have a normal position, and the pupils 

of moderate size. 

Attention was suddenly excited by the attendant offering it the yolk of an egg. 

This it devoured with evident gusto. 

On the third day the same dreamy or drowsy condition was maintained, except 

when food was offered it, when it always exhibited interest. All its motor powers 

were perfect, and it turned its head alternately to the right and left, following an 

apple which was moved in front of it. Sight, hearing, smell, and taste were retained. 

On the seventh day the animal was still very dull, taking no interest in anything 

but its food, which it evidently enjoyed heartily. The movement of the head and 

eyes to either side was plainly observed without the slightest turning of the trunk. 

All its motor powers otherwise, and sensory faculties, were unimpaired. 
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Except for general dulness and want of interest in its surroundings, the animal 

exhibited no perceptible effect of the operation, and continued in excellent health. 

Seven weeks after the operation chloroform was again administered, and the mem¬ 

brane covering the orifices in the frontal regions incised and the fronto-orbital margins 

of the hemispheres scooped out so as clearly to expose the roof of the orbits—the 

middle line and region of the olfactory bulbs being avoided. 

On the animal regaining consciousness, which it did very speedily, the head was 

observed to be in a state of rapid lateral oscillation, as rapid as the tremor of paralysis 

agitans. Within half an hour after the operation, while the lateral oscillation was 

continuing, the animal was able to climb up the bars of the cage hand-over-hand, 

holding the head well back and the trunk stiff. The right eyelid was observed to 

droop considerably. 

Tactile sensibility was unimpaired generally. 

An hour after the operation the tremor of the head was almost gone, and the 

animal occasionally made circus movements, pivoting itself on the buttocks, and 

turning round with the head en masse with the trunk. 

But within two hours some indications were seen of lateral movements of the head 

alone, apart from the trunk. 

Next day the animal was as usual dull, but opened its eyes if touched anywhere or 

called to. The right eyelid still drooped perceptibly. It moved its head freely back¬ 

wards and forwards, and also apparently to both sides. It was seen to shake its head 

vigorously from side to side, as if to remove itching. Sight was perfect, as also 

hearing, tactile sensibility, and to all appearance also smell, as it at once grabbed at 

a piece of apiple held under its nostrils. 

On the following day free movement of the head and eyes in every direction was 

clearly manifested, and from this time onwards it was impossible to discover any 

appreciable effect of the operation. The animal was killed with chloroform two 

months and a half after the first operation. 

Post-mortem examination.—Except over the prefrontal regions the membranes 

stripped readily without any sign of inflammation. 

On removal of the brain it was found that the olfactory tracts and bulbs were 

uninjured. 

The only lesion was in the frontal lobes (fig. 74). 

On the left side the cortex at the base of the superior and middle frontal convolu¬ 

tions was irregularly eroded, while the base of the third frontal was intact. The 

mesial surface of the superior frontal was also intact as far as the anterior extremity, 

a minute portion of which overlying the olfactory bulb was also uninjured. But the 

anterior two-thirds of the middle and inferior frontal convolutions and the orbito- 

frontal margin of the hemisphere had been destroyed. 

On the right side the superior frontal convolution was intact, as well as the mesial 

MDCCCLXXXIV. 3 Y 
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aspect of this convolution, all along the longitudinal fissure ; but at the anterior 

extremity it became distorted towards the left side. 

The base of the inferior frontal convolution also remained; but the middle frontal 

was obliterated, its place being indicated by a surface sloping obliquely downwards 

and forwards from the precentral sulcus to the centre of the triradiate sulcus in the 

orbital aspect of the hemisphere. The anterior two-thirds of the inferior frontal 

convolution were also entirely removed. 

There was thus lesion, without entire destruction, of the posterior third of the 

three frontal convolutions, with complete removal of the anterior two-thirds of the 

inferior and middle, and portions of the superior frontal convolutions, on the left 

side ; and complete removal of the middle frontal, and anterior two-thirds of the 

inferior frontal convolution on the right side. 

Microscopical examination.-—A series of sections was made of the brain (hardened 

in bichromate of ammonia) from before backwards parallel to the fissure of 

Rolando, or at right angles to the crura; and also transverse sections of the pons 

and medulla. (A series of sun-prints of these arranged from before backwards is 

given in Plate 27, figs. 75-86.) 

At the lower internal margin of the crescentic-shaped section of the internal 

capsule, precisely corresponding to the position of the sclerosed patches in Experi¬ 

ment 22, specially well seen in figs. 76 and 77, some of the bundles were deeply 

stained, and therefore appear light in the prints, while others internal to these were 

less stained than the normal, and therefore appear as dark patches in the prints. 

In the sections of the crura (figs. 7.9-82) the median or most internal bundles of the 

foot of the crus were most deeply stained, and in some of the sections there w^as an 

appearance as if some of these bundles took a direction upwards towards the region 

of the aqueduct of Sylvius (figs. 79 and 81). 

In sections of the upper part of the pons some bundles were seen more deeply 

stained than the others. They occupied the same relative position to the rest of the 

fibres of the pyramidal tracts as in the crus and internal capsule, viz., the mesial 

aspect. But these deeply-stained bundles could not be traced beyond the pons, and 

could not be seen in the sections of the medulla oblongata (figs. 83-86). 

Remarks.-—In this experiment there occurred at the moment of cauterisation of 

the base of the superior and middle frontal convolutions, a conjugate deviation of 

the eyes to the same side. This was also observed in another case, not here reported 

in detail owing to the animal having died soon after the operation without having 

regained consciousness. 

But notwithstanding the extensive lesions at the base of both frontal lobes, no 

physiological defect, either sensory or motor, persisting the day after the operation, 

was at all appreciable. Whether at this time the movements of the head and eyes 

were deficient was not clear, but on the third day it was plain that these were capable 

of being effected to all appearance in a perfectly normal manner. 
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The subsequent destruction of the prefrontal regions caused symptoms which, 

though very transient, were yet of important significance. These were rapid lateral 

oscillations of the head, lasting only a few hours, apparent inability to move the head 

except en masse with the trunk, and ptosis of the right eye. None of these symptoms 

were, however, at all discoverable on the third day, and from this time onwards the 

animal exhibited no discoverable defect, either as regards the movements of its head 

and eyes, or otherwise. It is to be noted in this case that a considerable portion of 

the base of the superior frontal convolutions still remained uninjured, though the 

prefrontal regions were almost entirely destroyed. 

Apart from a degree of dulness or apathy—and this as time went on not 

particularly observable—there was nothing in the animal’s behaviour at all remark¬ 

able or appreciably abnormal. 

But the important anatomical fact described in connexion with Experiment 22 was 

here also noted, viz. : descending degeneration of the mesial bundles of the internal 

capsule and crus cerebri, as far as the pyramidal tracts of the pons. 

These degenerated fibres were, in the internal capsule, of clearly different dates. 

The older, which were sclerosed and deeply stained, might reasonably be regarded 

as in relation with the older of the lesions in the frontal lobes, viz. : those at the base 

of the frontal convolutions ; while the others situated nearer the middle line and less 

deeply stained than normal, might reasonably be connected with the later prefrontal 

lesions. Their position agrees exactly with that of the degenerated bundles in 

connexion with the prefrontal lesions of Experiment 22. 

The ultimate destination of the degenerated tracts was not determined, but they 

do not appear to pass into the anterior pyramids of the medulla oblongata. 

General Results. 

These experiments on the frontal lobes show a remarkable absence of any discover¬ 

able physiological symptoms in connexion with the almost entire destruction of the 

prefrontal regions, or anterior two-thirds of the frontal convolutions ; and only tem¬ 

porary impairment or paralysis of the lateral movements of the head and eyes as 

the result of lesions, extensively destroying the cortex at the base of the superior 

and middle frontal convolutions (centre 12). In none of the cases, however, was the 

destruction of this centre on both sides quite complete. It was most extensive in 

Experiment 21, in which also the prefrontal regions were removed. 

This case, however, owing to the sudden death of the animal shortly after the 

operation, did not afford much opportunity for observation of the effects of the lesion. 

But negative facts of great importance were demonstrated in this case. There was 

no affection of sensation general or special, and the limbs, face, and tail were capable of 

voluntary movement. 

There was apparent total paralysis of the lateral movements of the head and eyes, 

and inability to maintain the upright position, though backward and forward move- 
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ments of the head wei'e seen, and also extension of the trunk. In this case also in 

addition to the frontal regions, portions of the head of the corpus striatum was removed 

on both sides, more on the left than right. 

The facts of Experiment 23 show that extensive lesion of the prefrontal lobes, subse¬ 

quent to the time when all effects of destructive lesions at the base of the frontal 

convolutions had disappeared, caused for a time disorders in the movements of the 

head—shown in lateral oscillation of the head, and apparent inability to turn the 

head and eyes. 

There was also in this case a phenomenon not observed in any other case, viz.:— 

ptosis of the right eyelid. There was no local injury perceptible to account for this, 

but whether it was the direct result of the prefrontal lesions is a point that may be 

questionable. The facts of this experiment taken with those of Experiments 19 and 

20 render it probable that the prefrontal lobes have essentially the same physiological 

relations as the electrically effective postfrontal centres. 

In Experiments 19 and 20, notwithstanding the extensive destruction of the post¬ 

frontal centres, the paralysis of the lateral movements of the head and eyes was very 

transitory, and in Experiment 23 the destruction of the prefrontal regions subsequent 

to the recovery from the lesions of the post-frontal centres re-induced similar 

symptoms. Hence it would appear that so long as portions of the frontal centres 

remain intact, the movements of the head and eyes are not permanently paralysed. 

The prefrontal and postfrontal regions are shown by the secondary degenerative 

changes demonstrated in Experiments 22 and 23, to be anatomically related to the 

same tracts of the internal capsule and crus cerebri. This fact also would indicate 

community in their physiological relationships. Though the prefrontal regions did 

not react, or very doubtfully, to electrical stimulation, yet this would not militate 

against their being considered part of the same physiological centre as the postfrontal 

regions. For it was found that the occipital lobes did not respond like the angular 

gyri to electrical stimulation, and yet formed an integral portion of the visual centres. 

As to the psychical effects of the frontal lesions it is difficult to speak at all definitely. 

In some cases there was no very marked change, yet in others, as in Experiment 2, 

previously carefully studied, there was a very manifest alteration in the character of 

the animal. 

On the whole there seemed mental deterioration, characterised by general apathetic 

indifference or purposeless unrest : effects which, in comparison with those of other 

lesions, appear to have special relation with lesions of the frontal lobes as such. 

SECTION Y. 

Lesions of the Hippocamfal .Region. 

In none of the experiments recorded in the preceding sections relating to lesions in 

the occipital, parietal, frontal, and external convolutions of the temporo-sphenoidal 
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lobes, was any defect discoverable in tbe domain of tactile or general sensibility. I 

bad in my previous researches (Philosophical Transactions, Yol. 1G5, Part 2) arrived 

at the same results, and I described how, after various experiments in which the 

hippocampal region—including in this the cornu ammonis and gyrus hippocampi or 

uncinate gyrus—became implicated in destructive lesions, and in which impairment or 

abolition of tactile sensibility was observed, experiments were devised with the view 

of destroying this region primarily. The method adopted was to pass a wire cautery 

through the extremity of the occipital lobe downwards and forwards in the direction 

of the hippocampal region. In two of the experiments, XVII. and XVIII., tactile 

sensibility was almost if not entirely abolished after this operation ; in the latter case 

directly, and in the former, in which the hippocampal region became implicated in the 

destructive softening, on the third day after the operation. 

As the validity of these experiments has been disputed on the ground that the 

posterior or sensory division of the internal capsule may have been involved in the 

lesion, I have re-investigated the position and extent of the lesions in these cases, the 

brains having been carefully preserved in spirit. 

Before the brains were cut in sections, drawings were made by Mr. Collings of the 

appearances presented by them. 

Plate 28 shows photographs of the drawings of No. XVII. ; fig. 87 being a drawing 

of the anterior half of the left hemisphere, and fig. 88 being the appearance presented 

by the under surface. In fig. 88, the point of emergence of the cautery is well seen— 

quite external to the gyrus hippocampi ; and in fig. 87, the total breaking down of 

the hippocampal region is indicated. On the upper surface of the lateral lobe of 

the cerebellum is a superficial groove indicating where it was grazed by the cautery. 

Figs. 89-94 are a series of sections of the hemisphere, cut transverse to the antero¬ 

posterior axis, arranged from behind forwards, beginning with the posterior cornu of 

the lateral ventricle, and ending with the head of the corpus striatum and anterior 

extremity of the temporo-sphenoidal lobe. Not a trace of the hippocampus major was 

found in any of the sections, and the gyrus hippocampi where it remained was in the 

form of a thin shell. All the medullary fibres of the hippocampal region, and also of 

the inferior temporo-sphenoidal convolutions were broken down and fell as debris out 

of the sections. The medullary fibres passing into the superior temporo-sphenoidal 

convolution were not destroyed, but they frequently broke through as seen in figs. 91 

and 92 during the cutting and mounting the sections. 

But the internal ganglia,* the crus cerebri with the section of the optic tract, and 

the internal capsule were absolutely uninjured, as may be seen in the various sections. 

Only those fibres descending towards the hippocampal and inferior temporo-sphenoidal 

regions were destroyed, and the corresponding fibres of the posterior cornu. 

The drawings in figs. 95 and 96 represent the under surface of the posterior half of 

* The whitish spots seen on the lenticular nucleus in fig. 93 are caused by portions of parafin used for 

embedding adhering to the edges of the section and slipping underneath in mounting. 
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the right hemisphere of XVIII., showing the point at which the cautery entered the 

extremity of the occipital lobe, and the groove which it made immediately internal to 

the collateral fissure; and the frontal aspect of the same portion of the brain, show¬ 

ing the track of the cautery in the lower and inner temporo-sphenoidal region. Figs. 

97-102 are a series of frontal sections of the hemisphere from the occipital to the 

anterior portion of the temporo-sphenoidal region. In figs. 97 and 98 the walls of the 

calcarine fissure are seen to be completely broken up. Figs. 99 and 100 show total 

disorganisation of the medullary fibres of the lower temporo-sphenoidal region and 

complete disappearance of the cornu ammonis. The gyrus hippocampi is l’epresented 

by only a thin shell of cortex possessing no medullary connexions. 

Figs. 101 and 102 were stained with logwood, and therefore do not show so well as 

prints. In these sections there are still remnants of the hippocampus, and some of the 

medullary fibres of the superior temporo-sphenoidal convolution are involved in the 

lesion. But with the exception of some lesion of the base of the lenticular nucleus, 

seen in fig. 102, the area of destruction was entirely clear of the central ganglia and 

internal capsule. The crus cerebri was absolutely uninjured. 

It will thus be seen that there are no grounds for attributing the tactile ansesthesia 

observed in these two experiments to destructive lesion of any other part of the 

hemisphere than the cortex and medullary fibres of the hippocampal and lower 

temporo-sphenoidal region. The profoundness of the ansesthesia exhibited in these two 

cases was indicated by the almost total absence of any sign of sensation to thermal 

stimulation of the severest form on the side opposite the lesion. 

Tn Experiment XVII., in which the track of the cautery swerved away from the 

hippocampus, anaesthesia was not observed until by the secondary softening the 

hippocampal region, as shown in the sections, became involved. In this it was noted 

that there were some indications of basilar meningitis, but there was no softening or 

destructive lesion of any part of the brain except that of the hippocampal and lower 

temporo-sphenoidal region described and figured. 

These experiments were made without antiseptic precautions, and therefore the 

exact limitation of the primary lesions could not be ensured, owing to secondary 

inflammation which invariably set in. And this is a fact which must always be 

reckoned with in estimating the effects of cerebral lesions made without antiseptics. 

It is altogether impossible to reach and destroy the hippocampal region without 

causing injury to some other parts of the brain, and it is necessary to eliminate the 

effects attributable to these by previous experiments. 

In the experiments about to be related the hippocampal region was injured or 

destroyed as in former experiments by heated wires or other cauteries, pushed through 

the occipital lobe downwards and forwards along the hippocampal region, or guided 

along this region by a director inserted between the under surface of the occipital 

lobe and the tentorium cerebelli ; or by means of incisions from the convex aspect of 

the temporo-sphenoidal lobe so calculated as to direction and depth as to sever the 
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hippocampal and lower temporo-sphenoidal region from the rest of the hemisphere 

without injury to the crus cerebri or other structures. 

Many of the experiments were unsuccessful owing to miscalculation of the direction 

and depth of the lesions and consequent injury of the basal ganglia or crus cerebri. 

These it is not considered necessary to report, as any lesion of this kind was regarded 

as vitiating the whole experiment. 

In the others, all of which are reported, varying success was met with as regards 

the degree and limitation of the lesion to the hippocampal region. Unfortunately 

the mortality has been such as to interfere with the solution of some points of 

importance in connexion with the permanency of the effects of total destruction of 

the hippocampal region and its secondary results. 

Experiment 24* (Plate 29, figs. 103--109). 

The subject of this experiment was the same animal as that of Experiment 17. 

About two months and a half after the lesion of the motor region of the right side, 

the extremity of the left occipital lobe was exposed, and a director passed between 

the under surface of this lobe and the tentorium cerebelli approximately in the 

direction of the gyrus hippocampi. A wire cautery was then passed along the groove 

of the director with the view of destroying the cortex without going through the 

medullary fibres of the occipital lobe and hippocampal region. 

The animal, it wdl be remembered, was at this time partially hemiplegic on the left 

side. 

After the operation, when consciousness had returned, the conjunctival reflex was 

distinct on the left, but barely perceptible on the right. Thermal stimulation caused 

active withdrawal of the left foot, but no movement of the right. 

Two hours after the operation the animal was active and vigorous, with the motor 

powers of the right side unimpaired. 

The cremasteric and cutaneous plantar reflexes were distinct on the right side, but 

not perceptible on the left—the hemiplegic side. 

Sensibility was not abolished on the right, but much impaired as compared with the 

left. Severe thermal stimulation caused reaction on the right, but less marked than 

on the left. Pinching, pricking, &c., of the left limbs invariably caused signs of 

uneasiness and struggles to escape, whereas the same on the right caused no 

sign at all, or only very slight on increasing and prolonging the stimulation. The 

reaction to the vapour of acetic acid appeared less active in the right nostril than the 

left. Sight, hearing, and taste seemed quite as acute on the right as left. 

Next day the repetition of the tests of tactile sensibility revealed similar signs of 

impairment on the right; and again on the fifth day. The cutaneous plantar reflex of 

the right side was better than on the left, yet the right foot might be pinched 

or pricked without causing such vigorous reaction or signs of sensation as on the 

left. 
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On the eighth day the difference, if any, was very doubtful, and examination at 

various times subsequently did not indicate any perceptible difference as to the signs 

of sensation on the right and left side to various forms of tactile stimuli. The 

animal, which continued hemiplegic on the left side, was killed with chloroform 

considerably over a year after the above-mentioned operation. 

Post-mortem examination.-—The condition of the right hemisphere has been already 

described and figured. 

In the left hemisphere an orifice, slightly torn, existed at the posterior extremity of 

the occipital lobe, indicating the point of entrance of the cautery. This led into a 

shallow groove passing along the upper two-thirds of the gyrus hippocampi (lingual 

lobule), exactly confined between the calcarine and collateral fissures, and ending at a 

point one centimetre posterior to the uncus, where the cautery. appeared to have 

entered and buried itself (fig. 103). 

The grey matter of the posterior three-fourths of the gyrus hippocampi appeared to 

have been peeled or shelled off, exposing the medullary fibres and outline of the cornu 

ammonis. The cortex of the anterior extremity of the gyrus hippocampi and uncus 

was uninjured superficially. 

The base of the brain otherwise-the crura cerebri, optic tracts, and cranial nerves 

—was intact. 

A series of sections, cut obliquely downwards and forwards parallel to the fissure 

of Rolando, of which sun-prints are given in figs. 104-109, showed that the cortex of 

the gyrus hippocampi had been for the most part sheared off down to the medullary 

fibres of the cornu ammonis. 

This was exposed, but not separated from its medullary connexions, so that it pro¬ 

jected in the sections like a crozier. Towards the lower or anterior portion of the 

gyrus there still remained a portion of the cortex, adjoining the collateral fissure, 

while that immediately supporting the hippocampus was removed (figs. 106-108). 

In the sections which cut the anterior third of this region it was seen that 

the cautery had penetrated the anterior portion of the hippocampus and nucleus 

amygdalae, causing a hole in this region, as seen in tranverse section (fig. 109). The 

convex aspect of the gyrus hippocampi was at this point intact. 

Remarks.—This experiment shows that destructive lesion implicating the cortex of 

the gyrus hippocampi, and perhaps to some extent the medullary fibres of the hippo¬ 

campus or cornu ammonis, causes some degree of impairment of tactile sensibility, at 

first well marked, but becoming less distinct, and not perceptible to ordinary tests a 

week after the operation. 

The case was instructive in the comparison (for which the double experiment was 

devised) which it allowed between the effects of lesion of the motor region and of the 

hippocampal region. Though the left limbs were greatly impaired as to motor power, 

no defect could be discovered in their sensibility throughout; while the right limbs 
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unimpaired as regards their motor power, were for a time markedly defective as 

regards sensibility. 

Notwithstanding the extensive lesion of the hippocampal region, there was no trace 

of descending degeneration in the opposite side of the spinal cord, though the animal 

had lived more than a year after the establishment of the lesion in question. 

Experiment 25 (Plate 29, figs. 110-116). 

In this animal the right occipital lobe was first exposed, and a wire cautery was 

thrust through the lobe at the anterior extremity of the superior occipital sulcus, in 

the convex aspect of the lobe, downwards and forwards, with a view to plough along 

the hippocampus. 

While the animal was recovering during the application of the surgical dressings the 

right pupil was observed to be somewhat smaller than the left. When set free the 

limbs on the left side were moved and planted with some appearance of uncertainty. 

An hour and a half after the operation there were signs of defective vision towards the 

left side, as the animal did not appear to observe threatening gestures made on the 

left, whereas it made grimaces when the same were made on the right front. 

Repeated tests were made as to the effects of thermal stimulation on the right and 

left side respectively, with the result of showing that though signs of sensation could be 

elicited on the left as well as on the right, they were much less distinct on the left 

side, whether on the ear, hand, trunk, foot, or tail. 

Next day similar observations were made as to the effects of heat, with similar 

results. As to the perception of mere contact, it was not easy to determine, as the 

animal was shy and difficult to approach. But as it was still hemiopic towards the 

left side, advantage was taken of this, and a long wire (cold) stuck in the end of 

a stick was made to come into contact with the hands and feet from the left, without 

attracting the animal’s sight. 

When the fingers or toes of the right side were touched gently, or scratched in this 

manner, the animal invariably looked and changed its position ; but when the same 

was done on the left there was not the slightest sign of perception, and no change in 

position was made. This was repeatedly verified. 

Next day similar observations were made with similar results, but occasionally there 

seemed to be less difference than before. But the left side of the tail was pricked with 

a pin without causing any sign of sensation, whereas the same on the right caused the 

animal to turn round and scratch the place in a lively manner. The left liemiopia was 

still apparent. 

On the eighth day the animal was seen to run about most actively, never knocking 

its head on one side or the other against any obstacles in its path. The hemiopic 

defect previously existing was now very doubtful. 

The cremasteric and cutaneous plantar reflexes appeared somewhat more active on 

the left side than on the right. 

3 z MDCCCLXXXIV. 
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On the fifteenth clay the reaction to thermal stimulation was still perceptibly less 

vigorous on the left than on the right, but three weeks after the operation no difference 

could be perceived, and the hemiopia formerly existing was no longer discoverable by 

any test. 

Four weeks subsequent to the operation on the right hemisphere the left occipital 

lobq was exposed and a wire cautery pushed through the occipital lobe at the anterior 

extremity of the first occipital sulcus, downwards and forwards approximately in the 

direction of the hippocampus. 

Half an hour after the operation the animal was able to move about spontaneously, 

but it tended to slip and fall over on the right side. The reaction to thermal stimula¬ 

tion at this time was most active on the left, but much less on the right, though it was 

not entirely absent. Next day more thorough examination of the animal revealed a 

condition of total blindness towards the right, and evidently, also, some impairment 

towards the left. 

Hearing was also impaired, if not abolished on the right, as the animal did not turn 

its head to scratching sounds, &c., made near its right ear, as it did to sounds made on 

the left. 

No definite conclusions could be arrived at as regards taste or smell, but these senses 

did not seem to be affected, as the animal smelt at its food in the usual way and 

seemed to enjoy it. 

Tactile sensibility was still markedly defective on the right side. The animal could 

not be touched anywhere on the left side without its attention being roused, and 

causing it to put its hand to the spot, but the right hand, foot, and right side of the 

tail could be touched without the animal seeming to be aware of the fact. Sometimes 

the difference seemed doubtful when the face was touched. 

The right foot frequently slipped off the perch, and sometimes the animal rested with 

the toes of its right foot doubled up on the plantar surface. 

The same condition as to the various senses was again determined by careful exami¬ 

nation on the twelfth day after the operation. 

On the fourteenth day blindness to the right side continued, but vision to the left was 

now good. 

No difference could now be made out between the acuteness of hearing on the right 

and left. 

Defective perception of mere contact was still evident on the right side, and 

apparently more so on the foot than elsewhere. 

A month after the operation the defective perception of tactile stimuli was still 

observable on the right foot, but less so than before. The animal still seemed 

absolutely blind towards the right. 

Two months after the operation the animal was still absolutely hemiopic to the 

right, but otherwise presented no abnormality. 

Ophthalmoscopic examination of the eyes four months after the operation did not 
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reveal any marked abnormality of the discs, but examination six months after the 

operation discovered signs of atrophy of the outer side of the right disc, which was 

the only one examined at this time. 

My colleague, Professor McHardy, reported, on examination of the discs nine months 

after the operation, and on comparison with those of a normal Monkey, that there was 

well marked atrophy and pallor of the outer side of both discs. 

The right hemiopia continued till the animal’s death by chloroform eighteen 

months after the first operation. 

Post-mortem examination.—The dura mater was adherent over each occipital lobe, 

at a point corresponding to the anterior extremity of the first occipital sulcus. The 

occipito-temporal region of both hemispheres was also more or less adherent to the 

dura mater of the middle fossa, more on the left than the right. 

When the hemispheres were removed it was found that the cranial nerves were 

intact, but the right optic nerve was only about half the size of the left—the difference 

being greatest in the vertical diameter. 

The optic tract on the right side was quite normal, and could be followed round the 

crus to the corpora geniculata freely without any sign of adhesion or injury. 

The left optic tract was appreciably thinner and flatter than the right, and on being 

followed round the crus it was found that the portion proceeding to the corpus 

geniculatum externum had been sheared off by the cautery. The portion passing to 

the corpus geniculatum internum was intact, as well as the brachium of the testis. 

But the anterior brachium and the anterior tubercle of the corpora quadrigemina 

were distinctly smaller than on the right side. There was no lesion of these parts, 

however. The cautery had, with the most remarkable precision, just grazed and 

divided the optic tract at its junction with the corpus geniculatum externum, leaving 

everything else uninjured. 

Right hemisphere.—At the anterior extremity of the first occipital sulcus on the 

convex aspect of the occipital lobe there was an erosion where the membrane was 

adherent; and in the centre of this an orifice, the point of entrance of the cautery. 

The course of this, not visible on the surface otherwise, was indicated by a small rent, 

a few millimetres in extent, situated at the lower extremity of the inferior or third 

temporo-sphenoidal convolution, external to the anterior extremity of the gyrus 

hippocampi The course, therefore, of the sinus corresponded almost exactly with the 

collateral fissure. 

The exit of the cautery is marked by a X on fig. 110. 

Left hemisphere.—On the convexity of the left occipital lobe above the anterior 

extremity of the first occipital sulcus there was an erosion similar to that on the 

right, trenching on the posterior limb of the angular gyrus. In the centre of the 

erosion was a deeper depression, indicating the entrance of the cautery. The direction 

of the cautery was next indicated externally by a groove in the gyrus hippocampi, 

internal to the collateral fissure. 

3 z 2 
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At the anterior extremity of this groove the track of the cautery became lost to 

sight, it having penetrated the lower extremity of the temporo-sphenoidal lobe external 

to the anterior extremity of the gyrus hippocampi. 

At this point there was some adhesion of the cortex to the dura mater, and some 

damage was done to the brain in separating it. 

The brain was hardened in bichromate of ammonia, and owing to too long immersion 

was so brittle that the sections frequently broke. It was cut parallel to the fissure of 

Rolando, but the plane of section was not quite transverse, sloping more towards the 

left. This explains the obliquity presented by the sections on Plate 29, figs. 1 li¬ 

lt G, arranged from before backwards. Owing also to the anti-actinic colour of 

the sections the prints are rather indistinct in details of structure. 

The sections show that on the right side (on the observer’s right) the cautery had, 

after penetrating the medullary fibres of the occipital lobe, struck into the descending 

cornu of the lateral ventricle. The posterior extremity of the hippocampus was almost 

detached by division of the medullary fibres (fig. 116). Fig. 115 shows a point where 

the cautery penetrated the hippocampus. More anteriorly the cautery left the hippo¬ 

campus itself and emerged gradually, dividing some of the medullary fibres of the 

hippocampal region. 

In figs. Ill and 112 there is some rupture of the fibres of the internal capsule, due 

to the brittleness of the sections and injury in mounting. 

The corpora quadrigemina, crura, pulvinar and optic tract are altogether free from 

lesion on this side. 

In the left hemisphere the lesion is more extensive. 

Fig 116 shows the region of the posterior cornu and base of the hippocampus 

almost entirely broken up, and a similar condition is seen in fig. 115. 

Figs. 114 and 113 show where the cautery struck and carried away the optic tract 

and corpus geniculatum externum, while the corpus geniculatum internum and 

pulvinar of the optic thalamus are uninjured. 

The cornu ammonis in this region has been extensively injured and portions of the 

gyrus hippocampi have also been destroyed, though the outer half of this gyrus was 

not originally in the track of lesion, though somewhat incomplete in the sections 

owing to their having broken off. 

Further forwards the cautery penetrated the under surface of the lenticular nucleus 

and divided the fibres of the external capsule, and so injured the inferior temporo- 

sphenoidal region that the sections could be with difficulty kept with all the parts in 

situ. The anterior extremity of the cornu ammonis was considerably injured, though 

not entirely destroyed. The medullary fibres of the superior temporo-sphenoidal con¬ 

volution were seen to be ruptured in many of the sections (fig. 112), but in others 

(fig. Ill) they were not, or only partially, divided. 

Remarks.—This experiment is recorded as possessing some features of importance, 
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though the lesions were somewhat complex, and, owing to the condition of the brain, 

not very easy of exact estimation. 

The temporary hemiopia to the left side is readily explicable by the lesions of the 

cortex and medullary fibres of the occipito-angular region. The very evident impair¬ 

ment of tactile sensibility of the left side—sensibility to mere contact being apparently 

completely abolished during the first two or three days, and deficiency being still 

observable for a whole fortnight after the operation—would seem to be in direct 

relation to the injury of the hippocampus and its medullary fibres, as this was the 

only lesion beside that of the medullary fibres of the posterior lobe. 

The more extensive destruction of the hippocampal region in the left hemisphere 

was associated with a more prolonged impairment of tactile sensibility on the right 

side, though from the first this was not abolished. There was also temporary impair¬ 

ment or abolition of hearing on the right, a fact which receives its explanation in the 

injury inflicted on the medullary fibres of the superior temporo-sphenoidal convolution. 

The lesion of the occipito-angular region reinduced for a time the impaired vision 

towards the left which had resulted from the lesion in the right hemisphere, but which 

had been recovered from ; but the persistent right hemiopia was evidently due, as had 

been diagnosed during life, to the lesion of the left optic tract. 

In consequence of this lesion there was atrophy of the brachium and anterior 

tubercle of the corpora quadrigemina on the left side, and atrophy of the right optic 

nerve. This showed itself during life in well-marked atrophy of the outer sector of 

both optic discs. 

The lesion in the left hemisphere implicated a portion of the basal aspect of the 

lenticular nucleus, but beyond the slight awkwardness of the movements of the left 

limbs, which might have been due to their defective sensibility, there was no other 

motor defect. 

Experiment 26 (Plate 30, figs. 117-124). 

In this animal the left hemisphere was exposed over the region where the middle 

temporo-sphenoidal convolution becomes continuous with the occipital lobe, the object 

being to obtain a better guide for directing the cautery along the hippocampal region. 

The wire cautery was passed through the convexity of the occipital lobe, above the 

annectent gyrus, downwards and forwards, with a view to break up the hippocampal 

region. (As to the actual course, see the post-mortem examination.) 

The animal, when let loose after the dressing of the wound, began to sprawl about 

almost immediately, and within a few minutes had climbed up on its usual perch. The 

limbs were all moved freely, but frequently the right foot slipped or was planted 

awkwardly. Tested with a heated wire, there was less marked sign of feeling on the 

right side than on the left, but sensation was evidently not abolished. 

An hour after the operation the animal was very active, running about its cage 

without any sign of weakness of the limbs. Vision seemed impaired towards the right, 
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but it was not entirely abolished, and the animal did not knock its head against obstacles 

on the right side. The signs of sensation on the right side were, however, less 

vigorous than on the left. Hearing was apparently unimpaired on the right, as the 

animal turned its head equally sharply to sounds made close to its right ear as on 

the left side. 

Beyond the slight defect in tactile sensibility and vision towards the right, there 

seemed nothing abnormal. 

Next day the animal was in excellent health and vigour. No tactile anaesthesia 

could be discovered; hearing was acute on both sides ; and vision, though apparently 

defective, continued towards the right. 

Nothing else worthy of note was observed, and the animal continued well, with 

perhaps impaired vision towards the right, for three weeks, wThen the right occipital 

lobe was exposed posteriorly, and a wire coated with perchloride of iron was pushed 

through the extremity of the occipital lobe downwards and forwards, approximately 

along the hippocampal region. 

When the animal had regained consciousness, immediately after the surgical dressing, 

a heated point applied to the left hand and foot caused scarcely any perceptible sign 

or reaction, wdiereas when it was afterwards applied to the right the most lively signs 

of sensation wrere induced. 

Half an hour afterwards this was repeated with precisely the same result; and an 

hour after the operation a touch with a stick on the right side at once attracted the 

animal’s attention, but no sign of perception was seen when the same stimulus was 

applied to the left. 

Half an hour subsequently, a watch held near the ear caused twitching of the auricle 

on either side equally, and caused the animal to look round to the right and left 

accordingly. Hearing was thus seen to be retained on both sides. But the left 

auricle was touched and rubbed gently with the finger without causing the slightest 

appearance of consciousness, wdiereas the slightest touch on the right ear caused the 

animal to look and move away. 

Similar observations were repeated and the same indications of total loss of percep¬ 

tion of mere contact were obtained. The reaction to a heated point was not entirely 

abolished, but the signs of sensation were much less active than on the right. 

Next day various tests were applied in respect to tactile sensibility. There still, 

appeared total loss of sensation of mere contact, though painful stimuli vrere felt to 

some extent. While the animal v7as resting quietly, ruffling the hair and tickling 

the skin with a long stick on the right side invariably caused the animal to scratch the 

part; but the same stimulus on the left side caused not the slightest sign of perception. 

When the point, instead of merely ruffling the hair, was pressed deeply, the animal 

seemed suddenly to be awTareof something and moved away. This test was repeatedly 

performed with precisely the same result. A heated wire excited attention on the left 

side, but the signs of feeling were much less lively than on the right. Hearing was 
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evidently acute on both sides. Vision, however, was profoundly impaired on both 

sides, but no definite determination could be made as to the exact condition on each 

side. 

On the third day on the animal being tested as regards tactile sensibility there was 

still very perceptible impairment on the left side, though not so great as before. 

Vision was still defective, but it was not yet clear how much each eye was relatively 

affected. 

There was still less reaction to heat on the left side than on the right. Ammonia 

held before the nostrils respectively, caused more active reaction on the right side. 

On the ninth day the difference as to reaction to tactile stimulation on the two sides 

was barely perceptible. Vision was still defective, but during the next few days 

further tests showed that there was absolute hemiopia towards the left, while vision 

was retained towards the right. The animal readily seized food, &c., offered it on the 

right, but lost it towards the left. 

From this time onward no further change occurred, the animal remaining absolutely 

blind towards the left. It was killed with chloroform nearly three months after the 

first operation. 

Post-mortem examination. — On removal of the brain it was seen that on cutting the 

cranial nerves the right optic nerve was considerably smaller than the left. 

The under surface of the temporo-sphenoidal lobes was in points adherent to the 

dura mater in the middle fossae, corresponding to the lesions of the hemispheres about 

to be mentioned. 

There was no effusion, and the crura cerebri, pons, and other structures at the base 

were absolutely normal in appearance. 

On tracing the optic tracts, which was readily done, there being no adhesion of the 

pia mater to them, they could be cleanly followed to the corpora geniculata. On the 

right side, close to the lesion in the hemisphere, there was a yellowish look of the 

corpus geniculatum externum and extremity of the pulvinar ; but there was no soften¬ 

ing or solution of continuity, and the discoloration was removed with the pia mater, 

being of the nature of mere imbibition from the adjacent lesion of the hemisphere. 

The corpora quadrigemina and the anterior brachia were clearly distinct and normal in 

appearance. 

Left hemisphere.—On the convex aspect of the occipital lobe, at the anterior 

extremity of the first occipital sulcus, there was a deep incision running parallel to the 

parieto-occipital fissure and extending upwards almost to the longitudinal fissure; the 

upper extremity running into this fissure. It was seen that the occipital lobe was thus 

injured to a much greater extent than had been supposed in the first operation. This 

deep gash in the occipital lobe led downwards and forwards to a sinus which became 

visible as a round hole in the middle of collateral fissure. From this point a groove 

extended forwards, following the course of the collateral fissure to its anterior ext remit}7. 

The gyrus hippocampi was injured at the margin of the collateral fissure where the 
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cautery emerged from the occipital lobe, but the greater portion remained intact. (See 

Plate 30, fig. 117.) 

Right hemisphere.— The occipital lobe was much injured and broken up at its 

posterior extremity. This lobe was truncated owing to the complete removal of the 

posterior extremity, and the cortex was removed in the middle of the lobe as far as 

the joarieto-occipital fissure. 

The under aspect of the lobe was completely hollowed out by a sinus which occupied 

the position of the calcarine fissure and its margins. These were entirely destroyed. 

Thence downwards and forwards a remarkable appearance was presented. The gyrus 

hippocampi was completely shelled off the cornu ammonis as far as the region of the 

uncus, the cornu ammonis with the fascia dentata being thus exposed to view as if by 

an exquisite dissection. (See fig. 117.) 

The internal margin of this, adjoining the optic tract, was absolutely uninjured, and 

the fimbria of the fornix, and the taenia semieircularis were beautifully displayed on 

drawing the parts slightly asunder. 

In the figure the course of the optic tract to the corpora geniculata and pulvinar 

has been exposed by tearing off the pia mater and slight separation of the parts from 

each other. 

Sections were made of the brain obliquely downwards and forwards, parallel to the 

fissure of .Rolando, of which sun-prints are seen in figs. 118-124. The plane of 

section was not at right angles to the long axis, but sloped somewhat towards the 

left, thus causing some obliquity in the sections. The plane of section strikes the 

convexity of the occipital region and middle of the hippocampal region. 

Figs. 118-119 (L), and 120-121 (R) show the appearance presented by the sections 

which have not yet struck the central ganglia. On the left side the track of the 

cautery is seen to divide the medullary fibres and cortex of the gyrus hippocampi at 

the region where it emerged in the collateral fissure ; but the hippocampus itself and 

the gyrus hippocampi internally are intact, as was also seen in the photograph of the 

brain (fig. 117). 

The right occipital lobe in the region of the calcarine fissure is hollowed out, the 

walls of this fissure being entirely destroyed, and in continuity with this the gyrus 

hippocampi has been peeled off the cornu ammonis which is free and uninjured;— 

being attached only by some of the medullary fibres proceeding to it. 

In fig. 122, which cuts the region of the corpora quadrigemina and posterior aspect of 

the optic thalami and the anterior extremity of the hippocampal region, a notch on 

the left side, external to the gyrus hippocampi, indicates a transverse section of the 

groove which ploughed along the collateral fissure; and a notch on the under surface 

of the gyrus hippocampi on the right side indicates the termination of the lesion 

which peeled off this gyrus from the cornu ammonis. 

In figs. 123 and 124 on the left side the groove in the collateral fissure is still seen, 

but penetrating less deeply into the medullary fibres of the hippocampal region ; while 
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on the right side the extremity of the cornu ammonis and nucleus amygdalae are seen 

intact. The central ganglia, crura, and optic tracts are free from lesion throughout. 

Remarks.—The lesion of the left hemisphere in this case, apart from that of the 

occipito-angular region, divided a portion of the medullary fibres of the gyrus hippo¬ 

campi and cornu ammonis, but the greater portion of these structures was uninjured. 

Slight and transient impairment of tactile sensibility only resulted. The impairment 

of vision towards the right would be accounted for by the lesion of the occipito-angular 

region ; so that the transient impairment of tactile sensibility would be in relation with 

the injury to the medullary fibres of the hippocampal region, as this was the only other 

portion of the brain which was the seat of lesion. There was no defect as regards 

hearing; and there was no lesion of the superior temp or o-sphenoidal convolution. 

On the right side, apart from the lesion of the occipital lobe, the destruction was 

limited in a most remarkable manner to the gyrus hippocampi, the whole of which, 

with the exception of the anterior extremity and portion immediately adjoining the 

collateral fissure, had been removed. The hippocampus itself, and the greater portion 

at least of its medullary fibres, had escaped injury. With this lesion of the gyrus 

hippocampi was associated, in evident causal relationship, a very marked impairment 

of tactile sensibility in all its forms. This, however, gradually diminished until at 

the end of ten days it ceased to be discoverable. 

Hearing was not in the slightest degree impaired by this bilateral cerebral lesion. 

The condition as to vision was rather a difficult one to determine as regards each 

eye. But it was clearly not dependent on any lesion of the optic tracts or nerves. 

All that could be made out was that vision was not permanently abolished towards 

the right side, but whether the hemiopia was symmetrical or not was not determined. 

The atrophy of the right optic nerve was purely secondary to the destruction of the 

visual centres of che cortex, and was not due to any direct injury of the optic tract or 

its connexions with the corpora quadrigemina or corpora geniculata. 

The fact that the right optic nerve was specially atrophied showed that the cerebral 

centres in relation with the right eye had specially suffered; but an exact estimation 

of the amount of lesion in the cortex and medullary fibres of the occipito-angular 

region in each hemisphere could not be made. 

Experiment 27 (Plate 31, figs. 125-132). 

In this case the left hemisphere was exposed in the region of the incisura prse-occi¬ 

pitalis and pli de passage from the middle temporo-sphenoidal convolution to the occipital 

lobe. With the aid of a director passed between the under surface of this region and 

the tentorium cerebelli, the third occipital convolution was divided by a horizontal 

incision, and another incision continuous with this was carried along posterior to the 

middle temporo-sphenoidal convolution. The portion of brain included between these 

two incisions, viz. : the inferior occipital, the lower temporo-sphenoidal convolution, and 
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the hippocampal region, were scooped out; care being taken to avoid going too far 

inwards and inflicting injury on the optic tract and crus cerebri. The exact extent of 

the injury inflicted could only be determined however on post-mortem examination. 

Within half an hour after the operation the animal was quite on the alert, and was 

able to sit up, but it rested with the right hand doubled up, and frequently fell over 

on tire right side when it tried to move. 

At this time and for the next hour the animal allowed a heated wire to lie in 

contact with the right hand and foot altogether unheeded, the faintest touch on the 

left caused the most lively signs of sensation. 

The whole of the right side was gently touched and rubbed, or deeply pricked and 

pinched without the slightest sign of sensation ; whereas on the left the animal’s 

attention was invariably excited and directed to the part touched. 

Hearing was retained on the right side as acutely, to all appearance, as on the 

left; the slightest scratching or tapping near the right ear causing the animal to look 

round, precisely as it did on the left. When the animal had its eyes shut the 

slightest sound near its right ear caused it to open its eyes and look. 

As to vision there was some doubt as to whether this was affected towards the 

right. To the left it was undoubtedly retained. 

The animal sat with the right hand sprawling outwards. While it was so resting, 

and with its eyes shut, I drew away the right arm until the animal fell over, without 

its having opened its eyes or shown the least sign of perception. The muscular sense 

of the right arm was thus shown to be abolished, and the awkward position and 

doubling up of the right limbs would be similarly accounted for. 

Kext day the condition of the animal was essentially the same. It planted the 

right hand and foot in an awkward and abnormal manner and continually tended 

to fall over on this side. But there was no motor paralysis. It used the right hand 

and foot for grasping purposes, and when laid hold of it struggled and gripped firmly 

with all four limbs. 

The eyes were open equally, the pupils of moderate size, equal and contractile. 

Vision seemed somewhat impaired towards the right, but not abolished, as the 

animal was able to put out its right hand to lay hold of a chestnut offered it on the 

right, but it did so with a little uncertainty and want of precision. 

Hearing was unimpaired on the right side. 

Tactile sensibility was still almost nil on the right side. The animal allowed a 

degree of heat against any part of its right side without the slightest sign of per¬ 

ception or uneasiness, which immediately caused the most lively manifestations of 

pain on the left side. 

It paid no attention whatever to touching or scratching the right hand or foot with 

the point of a stick. When this was done on the left the animal invariably tried to 

lay hold of the stick and push it away or angrily bite it. 

The animal being then taken out of the cage and held firmly, a spill of paper 
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inti’oduced into the right nostril caused little or no sign of uneasiness, whereas on the 

left the animal made a violent grimace and active endeavour to escape. 

The vapour of ammonia in the left nostril caused very active wincing. On the 

rig;ht the reaction was much less marked. 

On testing the resistance of the limbs, that of the right seemed much less than on 

the left, but every movement was carried out on the right as well as left. 

The tendency to fall down on the right side was sjDecially seen when the animal dozed. 

When resting on its perch it frequently slipped on the right, and only succeeded in 

recovering its balance with the aid of the left limbs. 

The animal, which seemed quite well in general health on the second day, was 

found dead on the third day from some unknown cause. 

Post-mortem examination.—The edges of the wound looked rather inflamed, which 

made it appear as if the antiseptic precautions had not been successful. The signs of 

inflammation and slight oozing were, however, entirely confined to the tissues of the 

scalp and edges of the wound. 

There was no hernia cerebri, and there was no effusion on the surface of the brain ; 

but on removal of the brain the left middle fossa was found filled with a recent clot 

which had come from the injured surface of the brain, and which was evidently the 

cause of death. The effusion did not extend to the base of the brain. 

All the cranial nerves were intact and normal, and so also were the pons, medulla 

oblongata, and cerebellum on its upper and under surface. 

On carefully separating the gyrus hippocampi from the optic tract and crus on the 

left side, the inner margin of the gyrus was found uninjured and not adherent to the 

optic tract or crus. The optic tract was followed readily to tire corpora geniculata, 

pulvinar and corpora quadrigemina, all of which were uninjured. (See fig. 125.) 

Along the inner edge of the gyrus hippocampi, the fimbria of the fornix, and the 

taenia semicircularis were seen intact, and could be followed to the uncus gyri hippo¬ 

campi, which with the outer root of the olfactory tract was uninj ured. 

With the exception of a portion of the gyrus hippocampi (lingual lobule) imme¬ 

diately adjoining the calcarine fissure, the whole of the hippocampal region and inferior 

temporo-sphenoidal region had been destroyed. The lesion trenched on the middle 

temporo-sphenoidal convolution (fig. 126), but the greater portion of this remained 

uninjured. The inferior occipital convolution was also carried away. 

The lesion might be described as an incision following the line of the second occi- 

pital sulcus continued to the extremity of the second temporo-sphenoidal sulcus, 

extending horizontally inwards and detaching the whcle of the occipito-temporal sur¬ 

face of the hemisphere, as far as the hippocampal fissure, and within a short distance 

of the calcarine fissure. 

Frontal sections through the left hemisphere (figs. 127-132), arranged from behind 

forwards, show that some portions (fig. 127) still remained of the gyrus hippocampi 

and hippocampus itself in the neighbourhood of the calcarine fissure. In fig. 129, 

4 a 2 
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the region of the pulvinar and corpora geniculata, everything is gone below the 

middle temporo-sphenoidal convolution, a portion which also is gone. Fig. 130 is a 

section somewhat further forwards showing essentially the same condition ; while 

figs. 131 and 132, in the region of the lenticular nucleus, show the similar complete 

removal of the hippocampal and inferior temporo-sphenoidal region, everything else 

being absolutely intact. 

Remarks.—■ The destruction of the hippocampal region in the manner carried out in 

this experiment involves many risks and is purely a matter of calculation founded on 

anatomical measurements of the probable depth of the parts which it is desired to 

reach, as they cannot be exposed to view. 

From an operative point of view the experiment left little to be desired, but un¬ 

fortunately when all seemed to be going well it was cut short, apparently by secondary 

haemorrhage from the injured surface. Hence was lost an opportunity of determining 

the permanency of the condition of total hemianalgesia and hemiansesthesia so well 

manifested in this case. In addition to the insensibility to pain and contact, 

cutaneous and mucous, the condition of the limbs indicated loss of the so-called 

muscular sense. There was no motor paralysis—every volitional movement being- 

capable of being carried out. But the awkward manner in which the animal planted 

its limbs, and slipped and fell repeatedly on the right side, especially when its atten¬ 

tion was withdrawn, is typical of the condition termed loss of the muscular sense. 

Hearing was absolutely unimpaired on the right side, and it is seen that there was 

no lesion of the superior temporo-sphenoidal convolution. 

The only abnormality besides loss of tactile and muscular sensibility on the right 

side was slight impairment of vision towards the right—a condition readily explicable 

by the lesion of the cortex and medullary fibres of the occipito-angular region. 

The total absence of lesion in the crus, central ganglia and internal capsule, and 

the accurate limitation of the lesion to the hippocampal and lower temporo-sphenoidal 

region, proves conclusively that in this region are situated the centres of tactile and 

muscular sensation. 

Experiment 28 (Plate 31, figs. 133-140). 

In this case, as in Experiment 27, the left hemisphere was exposed in the region of 

the junction of the temporo-sphenoidal with the occipital lobe, and at this point a 

horizontal incision was made with a wire cautery guided by a director, and another 

along the second temporo-sphenoidal fissure with a view to separate and detach the 

inferior temporo-sphenoidal convolution and hippocampus, as in the last experiment. 

The operation was effected with little haemorrhage, and the animal in the course of 

an hour was able to make efforts to sit up, moving all four limbs, but always falling 

over on the right side as soon as it gained the upright position. 

At this time, and for two hours after the operation, frequent observations showed 
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that there was no reaction to a heated point placed against the right hand or foot, 

whereas on the left the signs of sensation were most active. 

No determination could be made as to hearing or vision, as the animal would not 

respond to such tests as were employed. Next day the animal was well and vigorous, 

and able to run about and climb up the bars of its cage hand over hand. There was 

no trace of motor paralysis. 

Hearing was equally acute right and left, judged by the response to the slightest 

sound close to each ear respectively. Vision seemed slightly impaired towards the 

right. The animal seized a piece of carrot offered it on the right, but it seemed to 

be somewhat uncertain as to the exact position. Tactile sensibility was profoundly 

impaired, though extreme heat caused withdrawal of the right hand and foot, yet a 

degree of heat which caused active signs of uneasiness on the left was allowed against 

the right hand and foot without any sign whatever. Pricking with a pin all over the 

right side was allowed without any appearance of sensation, whereas on the left 

the animal invariably winced and struggled to escape. Scratching the right groin and 

flank with the point of a stick caused no sign of perception, whereas the same on the 

left caused the animal to twitch its flank as if to shake off a fly in this region. A 

spill of paper introduced within the right nostril caused barely any sign, whereas on 

the left an active grimace of uneasiness was caused. 

It was observed while quietly eating a piece of carrot which it held in his left hand 

to accidentally drop the piece, and though it fell in contact with the right hand, the 

animal did not seem aware of the fact, and groped about with its left hand till it 

found it. 

On the third day the animal appeared in much the same condition, but it did not 

seem so inclined to run about spontaneously as before. Tactile sensibility was still 

profoundly impaired on the right side as before. 

During the afternoon of this day the animal had an attack of unilateral spasm 

of the right side, lasting a few seconds, and apparently without loss of consciousness. 

Some time after this when the sensibility was again tested, there seemed to be 

almost complete analgesia over the whole of the right side. Heat which excited lively 

sensation on the left, caused no indication on the right ; and there was no sign of 

perception of tickling, pricking, &c., on this side. 

The right limbs were used now very awkwardly, and occasionally doubled up so 

that the animal fell over on the right. 

On the fourth day this doubling up of the limbs, and planting them in unnatural 

positions continued, so that the animal continually slipped and fell over on the right. 

But when it was taken out and examined, it was found that every volitional move¬ 

ment of the limbs was capable of being carried out, and the animal could grip with both 

hand and foot on the right as well as on the left. Tactile sensibility, as regards touch, 

tickling, &c , was absolutely abolished on the right side, the same stimulus invariably 

attracting the animal’s attention on the left. 
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A heated wire seemed not at all perceived on the right foot, and if at all only 

barely on the right hand. The same stimulation on the left caused active signs of 

sensation. Tickling of the right nostril with a spill of paper caused no particular 

sign, whereas on the left the animal resented it much and made grimaces of un¬ 

easiness. 

It l^id hold of food offered it almost exclusively with the left hand. Occasionally it ‘ 

used the right and allowed the things to drop. 

These observations were made in the morning of the fourth day. The animal was 

found dead in the evening. 

Post-mortem examination.—On removal of the dressings the edges of the wound 

were found united except at the anterior extremity. There was no suppuration. On 

reflection of the integuments, a clot was found projecting from the orifice of the 

skull, above the left ear. On removal of the brain the left middle fossa was found 

filled with a quantity of broken-down cerebral substance and recent effusion which had 

come from the injured temporo-sphenoidal lobe. There was no appearance of in¬ 

flammation or suppuration either on the convexity or base of the brain, and no 

effusion except the recent haemorrhage in the middle fossa. 

The cranial nerves were intact, and the cerebellum uninjured. The pia mater 

stripped readily from the wdrole surface. The optic tracts, corpora geniculata, corpora 

opiadrigemina and crura cerebri were perfectly normal. The inner margin of the 

gyrus hippocampi was intact, with the exception of a fissure which ran across it at 

the lower third (fig. 134). 

The left hemisphere in the region of the incisura pras-occipitalis (fig. 133) was 

somewhat eroded and raised above the surrounding1 cortex, and from thence in the 

occipito-temporal aspect of the hemisphere there was an irregular lesion destroying 

the inferior temporo-sphenoidal convolution, and, as seen superficially, the middle of 

the gyrus hippocampi across which a crack ran into the hippocampal fissure. 

The surface of the region of the uncus seemed intact, and also the region between 

the calcarine and collateral fissure—the lingual lobule. 

Frontal sections of the hemisphere (figs. 135-140), at right angles to the longi¬ 

tudinal axis, showed that the region of the calcarine fissure—the calcar avis— 

was intact. But opposite the point where the calcarine and hippocampal fissures 

became continuous with each other (fig. 135) the lesion broke down the external wall 

of the posterior cornu of the lateral ventricle, and continuing forwards as seen in 

figs. 136, 137, and 138, entirely detached the inferior temporo-sphenoidal and hip¬ 

pocampal region. Further in advance (fig. 139) portions of the hippocampal region 

still remained attached, but the medullary fibres were yellowish and softened and 

nearly severed. 

At the extremity of the descending cornu and region of the nucleus amygdalae 

the cortex and medullary fibres were uninjured (fig. 140). 

Apart from the lesion of the cortex and medullary fibres of the inferior ternporo 



LESION OF DIFFERENT REGIONS OF THE CEREBRAL HEMISPHERES. 551 

sphenoidal and hippocampal region there was no other injury ; the optic tracts, crus 

cerebri and basal ganglia being absolutely intact. 

Remarks.—In this case there was some reason for believing that the antiseptic 

arrangements were defective, and that in consequence the primary lesions had become 

the centre of secondary inflammatory processes, shown in the unilateral spasms on the 

third day and subsequent secondary haemorrhage. 

The symptoms of anaesthesia also became intensified. Though at first these were of 

a most pronounced character, sensibility to mere contact being abolished, but anal¬ 

gesia not complete, on the third day tactile sensibility in all its forms was completely 

abolished. Though there was no motor paralysis, the manner in which the limbs 

were used indicated also abolition of the so-called muscular sense. 

Hearing was throughout unimpaired, and vision to the right was only slightly 

impaired, due evidently to the lesion inflicted on the cortex and medullary fibres of 

the visual centres. 

Again the attempt was unsuccessful to maintain the animal alive for any lengthened 

period of observation. Another similar attempt was made in the following experi¬ 

ment. 

Experiment 29 (Plate 32. figs. 141-148). 

In this case the left hemisphere was exposed as in the two previous experiments 

over the region of the incisura prse-occipitalis, and the hemisphere incised with the 

cautery horizontally underneath the inferior occipital convolution, and also along the 

posterior border of the middle temporo-sphenoidal convolution ; the portion between 

the two incisions being disorganised as much as possible without injuring the crus, 

so far as could be judged. 

The animal an hour and a half after the operation was able to sit up, using all four 

limbs freely, but always fell over on the right side, the limbs on this side seeming 

suddenly to give way. At this time the slighest scratching or sound made near the 

right ear caused the animal to open its eyes and look round to this side. 

Tactile sensibility, tested with heat, was profoundly impaired, there being scarcely 

any reaction on the right side to a degree of heat which caused the most lively signs 

of feeling on the left—on the face, hand and foot. 

Next day the animal was in excellent health and vigour. Hearing and vision to 

the right side were unimpaired. It turned sharply to the slightest sound near the 

right ear, and picked up food, and took things held to its right side. Tested with 

heated point there was some reaction to severe stimulation on the right, but much 

less than on the left. While the animal was holding by the bars of the cage with 

both hands, a heated wire applied to the right hand caused no movement, but placed 

directly after—and so much cooler—on the left hand caused the animal to withdraw 

this hand sharply and rub it vigorously. 

Similarly as regards pricking the hands with a pin. A spill of paper introduced into 
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the left nostril caused active retraction of the head and a snort or sneeze, whereas on 

the right very little movement was excited. 

The animal, which appeared quite strong on the evening of the second day, was found 

dead on the morning of the third day. 

Post-mortem examination.—On removal of the dressings it was found that a recent 

haemorrhage had occurred filling the left middle fossa, and extending from this to some 

extent over the convexity of both frontal lobes. 

On removal of the brain it was found that the cerebellum, pons, medulla oblongata 

and all the cranial nerves were uninjured. The crura cerebri and corpora quadrigemina 

were intact. The optic tracts were uninjured, and readily traceable to the corpora 

geniculata. 

The brain was everywhere uninjured except in the left occipito-temporal region. 

The inferior temporo-sphenoidal convolution and anterior portion of the inferior occi¬ 

pital convolution had been disorganised by an irregular section which extended 

across the collateral fissure into the outer half of the gyrus hippocampi. The surface 

of the section was ragged and the whole of the inferior temporo-sphenoidal, and outer 

half of the gyrus hippocampi thoroughly disorganised. The inner half of the gyrus 

hippocampi was quite free from lesion, and of a normal aspect on the surface (fig. 141). 

The linomal lobule was intact. 

Frontal sections of the left hemisphere (Plate 32, figs. 143-14S) arranged from before 

backwards, showed that in the region of the nucleus amygdalae (fig. 143) there was a 

superficial lesion of the gyrus hippocampi adjoining the extremity of the collateral 

fissure, penetrating more deeply and dividing the medullary fibres slightly posterior to 

this (fig. 144). Further back (figs. 145 and 146) the lesion had destroyed the cortex of 

the outer half of the gyrus hippocampi, and completely severed the medullary fibres of the 

cornu ammonis, which itself was intact. Still farther back (fig. 147) the cortex of the 

gyrus hippocampi was entirely removed externally, and also the cortex of the inferior 

temporo-sphenoidal region. The cornu ammonis still remained connected with the 

fimbria. At the junction of the posterior and inferior cornua (fig. 148) the lesion gradually 

came to an end with destruction of the cortex on each side of the collateral fissure, and 

partial lesion of the medullary fibres of the base of the cornu ammonis. 

Remarks.— This case, like the two former, was again unsuccessful so far as related 

to the opportunities of continued observation. But it again demonstrates the- 

important fact that destructive lesions implicating only the inferior temporo-sphenoidal 

and hippocampal region cause profound impairment of tactile sensibility, in all its 

forms, without any motor paralysis whatever. 

In this case also there was no appreciable impairment of vision due to the com¬ 

paratively slight, if any, injury to the occipito-angular region. Hearing also was 

unimpaired, and as before, the superior temporo-sphenoidal convolution was entirely 

free from lesion. 
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Experiment 30 (Plate 33, figs. 149-156). 

In this case the right hemisphere was exposed over the incisura prse-occipitalis, and 

an incision was made with the cautery along the posterior border of the middle temporo- 

sphenoidal convolution, and another from the upper extremity of this incision horizon¬ 

tally inwards below and parallel to the second occipital sulcus, the parts between the 

two incisions, viz., the inferior temporo-sphenoidal convolution and hippocampal region, 

being considerably broken up. 

An hour after the operation the animal was able to sit up and use all its limbs, 

though the left seemed awkward. It could use its left hand to pick up pieces of food, 

but occasionally let them drop. Sight to the left was retained, as the animal put out 

its left hand to lay hold of, and push away a stick made to approach its left side. It 

was also seen to pick up a piece of potato lying to its left side. Hearing on the left 

side was undoubted, the slightest scratching or similar sound near the left ear causing 

the animal to turn sharply round and look. 

Tactile sensibibility was much impaired, but not entirely abolished, on the left side. 

Heat caused much less indication of painful sensation on the left as compared with the 

right. 

Next day the animal was in good health and vigour. 

Sight and hearing were equally acute on both sides. There was no motor paralysis. 

Tactile sensibility was still impaired. The fingers of the left hand could be touched 

gently, or rubbed, without attracting the animal’s attention ; whereas the same on the 

right caused the animal to look or move away from its position. The reaction to heat 

was less active than on the right side—determined by the grimaces and movements of 

the animal. 

On the fourteenth day it was impossible to determine any difference as regards the 

tactile sensibility on the two sides. The animal seemed in perfect health. On this 

day the left occipital lobe was exposed posteriorly, and a wire cautery pushed through 

it downwards and forwards, approximately in the course of the hippocampal region. 

An hour after the operation, while the animal was sitting up, but leaning towards 

the right, thermal stimulation of the left and right side respectively showed that, 

though severe stimulation caused signs of feeling on the right, yet a degree of heat 

which excited lively signs of feeling on the left was allowed in contact with the right 

hand and foot without causing any movement or sign of uneasiness. 

There was total insensibility to mere contact. The right hand and foot could be 

touched or gently rubbed without any sign of perception on the part of the animal: 

whereas the same on the left caused the animal to look and move away from the 

disturbance. 

There was no motor paralysis. All the limbs were freely moved. But the animal 

for purposes of prehension used the left hand almost exclusively. Hearing to the right 

was undoubtedly retained. Further observations an hour later showed that vision 
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was unaffected towards the right side. The animal was seen to pick up a piece of 

apple lying to its right side. It was also able to crawl through an opening into the 

next cage without knocking its head on one side or the other. 

Next day the animal was found in a comatose condition, and was chloroformed to 

death. 

Post-mortem examination.—The dura mater stripped readily over the whole con¬ 

vexity of the brain, which was quite free from signs of inflammation or effusion ; and, 

with the exception of lesions to be described, the rest of the brain, with the cranial 

nerves, had a perfectly normal appearance. 

In the right hemisphere the posterior half of the middle temporo-sphenoidal, and 

the whole of the inferior temporo-sphenoidal convolution had been sheared off close up 

to the collateral fissure, the lesion extending slightly across it at the middle. But the 

gyrus hippocampi was on the surface almost wholly intact. 

On the left side in the middle of the convex aspect of the occipital lobe posteriorly 

there was a hole, the entrance of the cautery. This had penetrated the lobe down¬ 

wards and forwards and emerged in the line of the collateral fissure, cutting a deep 

groove here on the occipito-temporal surface of the hemisphere. At the lower 

extremity of the collateral fissure the cautery had again buried itself, and emerged at 

an irregularly-shaped orifice, situated at the inferior extremity of the third temporo- 

sphenoidal convolution external to the tip of the gyrus hippocampi. 

The course of the cautery would be indicated by a straight line following the 

direction of the collateral fissure from the occipital lobe to the anterior extremity of 

the temporo-sphenoidal lobe. 

Frontal sections of the brain arranged from behind forwards (Plate 33, figs. 150-15G) 

show that in the right hemisphere (to the right hand) the lesion commenced near the 

junction of the posterior and descending cornu of the lateral ventricle, destroying 

the cortex of the inferior and posterior half or two-thirds of the middle temporo- 

sphenoidal convolutions, and extending so far inwards as in parts entirely to sever 

the medullary connexions of the hippocampal region, and in others so far as to render 

it impossible to mount the sections with all the parts in situ. 

The anterior third of the gyrus hippocampi and cornu ammonis were entirely free 

from lesion. 

In the left hemisphere it is seen that the course of the cautery was through the 

posterior cornu, destroying the cornu ammonis and the medullary fibres of the gyrus 

hippocampi as well as those passing to the inferior and middle temporo-sphenoidal 

convolutions. The cortex of the gyrus hippocampi formed a thin shell, enclosing 

broken-down debris. 

The anterior sections (figs. 155 and 156) show that the course of the cautery passed just 

external to the cornu ammonis itself, severing the gyrus hippocampi and its medullary 

fibres, and also fissuring and detaching the inferior and middle temporo-sphenoidal 
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region, as well as implicating to a slight extent the superior temporo-sphenoidal where 

it borders on the first temporo-sphenoidal fissure. 

The crura cerebri, internal capsule, and central ganglia are seen to be free from 

lesion in both hemispheres. 

Remarks.—This case shows that destruction of the whole of the inferior temporo- 

sphenoidal, and portion of the middle temporo-sphenoidal convolutions, with con¬ 

siderable destruction of the medullary fibres passing to the gyrus hippocampi and 

cornu ammonis, only partially impaired tactile sensibility on the opposite side. 

At first the impairment was very distinct, and amounted almost to analgesia, but 

this gradually gave way and ultimately entirely disappeared, So that within a fort¬ 

night it was not possible to discover any difference in the reactions of the two sides. 

Sight and hearing were unimpaired from the first, and there was no motor paralysis. 

The subsequent destruction of the hippocampal, and medullary fibres of the 

inferior temporo-sphenoidal region on the left, induced almost absolute analgesia as 

well as complete insensibility to mere contact on the right side ; motor power, vision, 

and hearing being clearly retained. 

(Jnfortunately the permanency of the symptoms could not be determined owing to 

the death of the animal very shortly after the establishment of this lesion. 

Experiment 31 (Plate 34, figs. 157-163). 

In this animal the left hemisphere was exposed in the region of the incisura prae-occipi- 

talis, and two incisions made with the cautery, one along the posterior border of the 

middle temporo-sphenoidal convolution, and another horizontally inwards from the 

upper extremity of this incision so as to divide the upper or posterior portion of the 

gyrus hippocampi from the rest. The portion of brain included between these two 

incisions was disorganised by the cautery, and the surface touched with perchloride of 

iron to arrest haemorrhage. 

An hour after the operation the animal, which had quite recovered consciousness, 

was very unsteady when it tried to move about, falling down on the right side. 

Heat applied to any part of the right side caused barely any sign of reaction, 

whereas on the left the most lively signs of sensation were evoked. 

Some time subsequently while the animal was being held numerous tests were 

made as to tactile sensibility. Pricking and pinching the fingers and toes of the right 

side caused very slight if any indications of sensation, but on the left the same caused 

the animal to exhibit signs of uneasiness, rub the part, and struggle to get away. 

Tickling the interior of the right nostril caused no reaction, on the left the same 

caused the animal to rub its nostril with its hand and make a grimace. The animal’s 

tongue protruded at the tip and the right side could be touched and pricked gently 

with the point of a pin without causing any reaction, whereas on the left the same 

caused the animal to rub at the part. 

4 b 2 
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Within two hours after the operation clear evidence was obtained of retention of 

hearing in the right ear. While it was sitting dozing, a slight whisper made near its 

right ear caused it to open its eyes and look round. No further observations were 

made this day, and next day the animal died suddenly before any further observations 

could be made. 

Pd.st-mortem examination.—On removal of the dressings there were signs of recent 

haemorrhagic extravasation at the orifice in the skull. On removal of the brain the 

left middle fossa was found filled with recent clot, some also having made its way to 

the anterior surface of the pons and medulla. 

There was no injury to the cranial nerves, crura, or cerebellum. On examination of 

the left hemisphere it was found that the posterior half of the middle temporo- 

sphenoidal convolution, the whole of the inferior temporo-sphenoidal convolution, and 

the gyrus hippocampi, except the inner margin, were broken up and destroyed. The 

region of the uncus was intact. The cornu ammonis itself, however, was still traceable 

among the debris at the bottom of the wound, and careful separation of the parts 

showed the fascia dentata, corpus fimbriatum, optic tracts, corpora geniculata, and 

corpora cpiadrigemina perfectly intact. This is well displayed in Plate 34, fig. 157, 

where all these parts have been exposed to view by merely pushing the hemispheres 

upwards and forwards, and drawing them asunder. 

Microscopical examination. — Frontal sections of the left hemisphere (Plate 34, 

figs. 158-163) showed that the occipito-temporal regions were so disorganised that 

they fell away from the rest on being cut, carrying the cornu ammonis and fimbria 

with them. At the anterior third of the gyrus hippocampi the lesion (fig. 162) did 

not entirely detach the gyrus hippocampi, and in the region of the nucleus amygdala? 

(fig. 163) a small hole indicates the termination of the lesion. 

Remarks.—In this case, in which again fatal secondary haemorrhage cut short the 

observations, the disorganisation of the inferior temporo-sphenoidal and hippocampal 

region was marked by the most profound anaesthesia of the opposite side of the body, 

both on the cutaneous and mucous surfaces. All the volitional movements were 

retained, but the manner in which the animal tended to fall over on the right side 

indicated the loss of the so-called muscular sense. 

Experiment 32 (Plate 35, figs. 164-172). 

In this case the posterior extremity of the left occipital lobe was exposed, and a 

director inserted between the under surface of this lobe and the tentorium cerebelli 

approximately in the direction of the gyrus hippocampi. A heated wire wras then 

passed along the groove with the view of destroying this region. 

The animal soon recovered consciousness and began to make spontaneous movements. 

To various forms of stimuli, heat, &c., there was distinct reaction from the first, and 

further careful and repeated observations showed a remarkable degree of hyperaesthesia 
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over the whole of the right side. The demonstrations of sensation to heat, pinching, 

pricking, &c., were much more lively on the right side than on the left, and the sensa¬ 

tion caused by plucking the hairs on the right hand was, judging from the animal’s 

gestures, much more acute on the right side. 

Gentle sounds near the right ear caused the animal to turn and look exactly as on 

the left. The condition as to vision was not determined this day. 

Next day the animal was able to run about actively and climb as usual. Hearing 

was evidently equally acute on both sides, but there seemed some impairment of vision 

towards the right. No difference could be detected as regards smell in the two © © 
nostrils. When a fine wire dipped in oil of bergamot was held to each nostril—the 

other being closed—the animal sniffed equally as if smelling. (This odour seems very 

agreeable to Monkeys, as they always sniff it as if enjoying it.) 

As to tactile sensibility no difference could be made out between the two sides. 

The hypersesthesia of the day before had disappeared. 

On the seventh day there still seemed slight uncertainty as to the exact position 

of things on the extreme right, but the animal was able to pick up things lying on the 

floor of the cage to the right as well as to the left side. 

On the tenth day the animal seemed perfectly normal in respect to all its faculties 

and powers. 

Four weeks subsequently to the first operation the right hemisphere was exposed 

over the region of the incisura prse-occipitalis, and by means of a cautery, guided by a 

director, the temporo-sphenoidal lobe was incised along the middle temporo-sphenoidal 

convolution and also horizontally inwards towards the gyrus hippocampi. The portion 

of brain between the two incisions was left in situ, with a view to prevent tire risk of 

secondary haemorrhage, which had previously proved so fatal. 

Within half an hour after the operation the animal was able to sit up, but 

unsteadily, the left limbs being planted awkwardly, and tending to double up. 

Tactile sensibility at this time was greatly impaired all over the left side. The 

animal allowed a degree of heat which excited the most lively demonstration, and 

rubbing of the part touched, on the right side, to be applied to the left side of the 

tail, trunk, hand, and foot without making any sign of uneasiness. 

So also pricking, gently tickling and ruffling of the hair on the left side caused no 

sign of perception, whereas on the right the animal invariably put its head or foot to 

the part, and in so doing fell over on the left side. 

Tickling of the right nostril caused evident sign of uneasiness ; of the left no 

perceptible sign. 

The condition as to hearing and vision on the left was not determined. Hearing was 

undoubted towards the right however. 
© 

Next day vision was seen to be unimpaired to both sides, the animal picking up 

minute objects to either side equally well. Hearing also was retained in the left ear 

—the animal turning to sounds on the left exactly as on the right. 
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As to tactile sensibility there seemed improvement as regards analgesia, but the left 

side could still be touched, tickled, &c., without exciting attention. On the right side 

the animal invariably put its hand to the place. 

On the third day the difference between the two sides as regards tactile sensibility 

was less pronounced. In all other respects the animal was perfectly well. 

Omthe sixth day no difference could be made out between the two sides in respect 

to tactile sensibility. The animal continued from this time in perfect health, and was 

killed with chloroform a month subsequently—or two months after the first operation. 

Post-mortem examination.—The cranial openings Avere covered by membrane adherent 

to the subjacent cortex, but elsewhere the whole surface of the brain was free from 

adhesions. 

Except for the lesions about to be described all the rest of the brain was perfectly 

normal. 

At the posterior extremity of the left occipital lobe there was a ragged sinus or 

channel marking the point where the cautery had been introduced. This pierced the 

tip of the occipital lobe and then immediately emerged, grooving the surface of the 

gyrus hippocampi (lingual lobule) between the calcarine and collateral fissures. The 

cautery then ran along the margin of the hippocampal or dentate fissure and plunged 

ultimately into the nucleus amygdalae or tip of the gyrus hippocampi. The optic 

tract though so near the course of the cautery was in a most remarkable manner 

absolutely untouched, and Avas freely separable and traceable to the corpora geniculata 

which Avere altogether free from lesion. 

In the right hemisphere there was a deep incision occupying the position of the first 

temporo-^phenoidal sulcus in its lower half; and from the upper extremity of this, on a 

level with the anterior extremity of the inferior occipital convolution, there was 

another deep incision at right angles to the axis of the temporo-sphenoidal lobe, 

extending exactly to the collateral fissure. The portion of brain included betAveen 

these two incisions remained in situ. 

The whole superficial aspect of the gyrus hippocampi was quite intact (fig. 164). 

Sections of the brain, parallel to the fissure of Rolando (Plate 35, figs. 165-172), 

show that in the left hemisphere the internal margin of the gyrus hippocampi, at the 

junction of the posterior and descending cornu of the lateral ventricle (figs. 165 and 

167), is grazed. Figs. 169 and 170 show that the fascia dentata has been sheared off 

In fig. 171 a portion of the alveus of the cornu ammonis has been carried away, and 

in fig. 172 a perforation of the nucleus amygdalae indicates where the cautery left 

the hippocampal fissure and plunged into the extremity of the gyrus hippocampi. 

The lesion is entirely confined to the fascia dentata and ahTeus of the cornu ammonis, 

without in any Avay injuring the medullary fibres of this or of the gyrus hippocampi 

itself. 

In the right hemisphere the gyrus hippocampi and cornu ammonis and the medul¬ 

lary fibres passing to this region are seen to be uninjured posteriorly (figs. 166, 16S, 169). 
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Tn the region of the middle of the collateral fissure, the transverse incision, before 

described (cut obliquely), extended so far inwards as partially to sever the medullary 

fibres of the hippocampal region (figs. 170, 171), the cornu itself and the cortex of the 

gyrus hippocampi being free from lesion. Towards the extremity of the descending 

cornu the breaking up and detachment of the gyrus hippocampi and cornu ammonis 

was more complete, the whole of the anterior extremity of the temporo-sphenoidal 

lobe being more or less broken up (fig. 172). 

The central ganglia, internal capsule, optic tracts, and crura were altogether intact. 

Remarks.—This case is in some respects very extraordinary, and particularly with 

reference to the lesion of the left hemisphere. It would seem practically impossible 

to limit an experimental lesion so precisely to the fascia dentata and alveus of the 

cornu ammonis, as occurred in this case, without causing injury to other structures— 

the optic tract or crus cerebri. But no such injury was present. The case is also 

altogether unique in the symptoms which were induced. Instead of temporary 

annihilation, or impairment of tactile sensibility, there was for a time well-marked 

exaltation of sensibility on the opposite side of the body. The lesion, therefore, instead 

of destroying the centres of tactile sensation, seems to have thrown them into a state 

of hyperactivity. It may he supposed that the slight destructive lesion of the 

hippocampal region was accompanied by active congestion of the uninjured portions. 

In the right hemisphere the lesion of the hippocampal region was only partial, being 

confined to the anterior half, and consisting mainly in division of the medullary fibres 

passing to the gyrus hippocampi and cornu ammonis. The anterior half of the middle 

and inferior temporo-sphenoidal convolutions were, however, much broken up and 

disorganised. 

The affection of tactile sensibility, at first well marked, ceased to be perceptible 

after a few days, and apparent complete recovery took place. 

With the exception of slight impairment of vision to the right side of a temporary 

character, due to the lesion of the left occipital region, no other sensory or motor 

defect, beyond the affections of tactile sensibility above described, appeared to result 

from the bilateral lesion in this case. 

Experiment 33 (Plate 36, figs. 173-181). 

In this case the extremity of the left occipital lobe was exposed, and a director 

passed between the under surface and the tentorium cerebelli downwards and forwards 

in the direction of the gyrus hippocampi. A wire cautery was pushed along the 

groove, and afterwards a porte caustique tipped with nitrate of silver. 

Within an hour after the operation the animal was able to get up and move about, 

but the limbs of the right side were used awkwardly and planted abnormally. 

At this time, though severe thermal stimulation caused some sign of sensation on 

the right side, the reaction was much less marked than on the left, and a degree of 
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heat which caused lively signs of pain on the left side evoked scarcely any indication 

of perception on the right. 

Tickling the interior of the left nostril caused a grimace and a snort, but the same 

on the right very slight, if any, effect. 

An hour later the animal, in walking, which it did more freely, frequently fell over 

on the right side owing to the awkward way in which the right limbs were planted. 

There was no motor paralysis of the right limbs however, and the animal was able 

to grip with the right hand and raise the right arm to the head, 

Tickling the left nostril invariably caused the animal to raise its hand and rub the 

part, but no notice was taken of the same thing on the right. 

Next day the animal was seen to run about without any tendency to fall over on 

the right side, and the right limbs were used in a perfectly normal manner. 

Tactile sensibility was in great measure restored, there being only defective sense of 

mere contact on the right side, but no longer any distinct analgesia. Hearing was 

undoubtedly retained in the right ear, but there was total loss of vision to the right 

side. The animal at once seized a piece of food as soon as it crossed the middle line 

when moved from right to left in front of it. 
O 

On the fourth day, except for the right hemiopia, nothing abnormal could be 

detected. 

The animal continued, except for the right hemiopia, which was absolute, in 

perfect health, and at the end of a fortnight the right hemisphere was exposed over 

the region of the incisura prse-occipitalis. 

At the anterior extremity of the inferior occipital convolution, where it joins the 

middle temporo-sphenoidal, a wire cautery was run along the middle temporo- 

sphenoidal convolution downwards and forwards to its extremity, and at right angles 

to this incision, another was carried inwards with a view to divide and detach the 

inferior temporo-sphenoidal and hippocampal region from the rest of the hemisphere. 

The parts were not removed, but along the bottom of the incisions a porte caustique 

tipped with nitrate of silver was rubbed, with a view to excite destructive inflamma¬ 

tion and adhesion, and so obviate haemorrhage. 

The animal had for a short time after the operation some twitching of the limbs, 

particularly of the left side. 

Within two hours after the operation the animal was quite recovered, and was wide 

awake ; but in trying to sit up or move always fell over on the left side. 

At this time a heated point caused barely any sign of reaction on the left side, 

whereas the same on the right caused very distinct signs of sensation and attempts to 

rub the part with the hand. 

No further observations were made on that day, and next morning the animal was 

found quite recently dead. 

Post-mortem examination.—On examination of the brain there was no sign of 

inflammation or recent haemorrhagic efiusion. 
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In the left hemisphere, at the posterior extremity of the inferior occipital sulcus, 

there was a sinus, the entrance of the cautery which became visible superficially 

immediately external to the posterior extremity of the calcarine fissure, and then 

became lost to view. The under surface of the occipital lobe was somewhat blackened 

by the caustic. The course of the cautery remained concealed as far as the inner 

aspect of the uncus gyri hippocampi, where a small orifice was seen. Here the cautery 

emerged and grazed the optic tract, which was almost completely severed half way 

between the chiasma and the corpora geniculata. The crus cerebri was quite free 

from lesion. The right optic nerve was in sectional area only half the size of the left. 

In the right hemisphere there was an incision from the lower border of the inferior 

occipital convolution along the first or superior temporo-sphenoidal sulcus, and another 

at right angles to this, extending inwards to near the inner margin of the gyrus 

hippocampi. By these two incisions the greater portion of the middle and inferior 

temporo-sphenoidal convolutions with the hippocampal region were separated from the 

rest of the hemisphere, but remained in situ (fig. 173). 

The crura cerebri, corpora quadrigemina, corpora geniculata, and rest of the brain 

with the cranial nerves were uninjured. 

Sections of the brain, parallel to the fissure of Rolando (Plate 36, figs. 174-181), 

showed that in the left hemisphere the cautery had with the utmost precision pene¬ 

trated the centre of the cornu ammonis and broken it up from end to end without 

destroying the medullary fibres or cortex of the gyrus hippocampi. In many of the 

sections the cornu ammonis was merely a mass of blackened debris which fell out on 

handling. The left optic tract (figs. 178, 179, ISO) is seen to have been severed 

between the chiasma and the corpora geniculata. 

In the right hemisphere the sections show an extensive breaking up of the middle 

and inferior temporo-sphenoidal convolutions, and an almost complete severance of the 

medullary fibres of the hippocampal region, the destruction being most complete near 

the anterior extremity of the temporo-sphenoidal lobe, where only a small portion of 

the inner aspect of the tip of the gyrus hippocampi remained intact. The central 

ganglia and crura cerebri were uninjured throughout. 

Remarks.—In this case the lesion in the left hemisphere was limited with unusual 

precision to the cornu ammonis itself, which was thoroughly disorganised, without 

lesion of the medullary fibres or of the gyrus hippocampi. Tactile anaesthesia occurred 

on the opposite side of the body, both cutaneous and mucous, and the condition of 

the limbs was indicative of loss of the so-called muscular sense. The symptoms were, 

however, not of long duration, and already on the fourth day they were no longer 

discoverable. The right hemiopia proved, as had been diagnosed during life, to be 

due to lesion of the left optic tract. 

Apart from the right hemiopia, there was no other perceptible symptom beyond the 

loss of sensibility on the opposite side. 

The subsequent lesion of the right hemisphere, in which, along with the middle and 

mdccclxxxiv. 4 c 
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inferior temporo-sphenoidal convolutions, tlie hippocampal region was in great measure 

detached and destroyed, induced the most profound anaesthesia of the left side. But 

here again, as in many previous experiments of a similar nature, the animal speedily 

succumbed, so that further observations with regard to the permanency of the 

symptoms were rendered impossible. 

X 

General Results. 

The experiments recorded in this section show that by destructive lesions confined to 

the cortex and medullary fibres of the inferior and internal aspect of the temporo- 

sphenoidal lobe, without implication of the crus cerebri, basal ganglia or internal 

capsule, it is possible to cause complete anaesthesia (cutaneous, muscular, and mucous) 

of the opposite side of the body, without paralysis of voluntary motion. 

In the operations necessary for the establishment of such lesions a certain amount of 

injury of other regions is unavoidable, but an analysis of the experiments, varied as 

to the method of performance and the extent to which other regions were involved, 

shows that the only point in common to all the cases in which there was impairment 

or abolition of tactile sensibility, was destruction of the cortex and medullary fibres of 

the hippocampal region ; and the degree of impairment of tactile sensibility was in 

proportion to the extent to which this region was involved. 

In my former experiments (Philosophical Transactions, Vol. 165, Part 2) I had 

observed that in several cases of lesion of the temporal lobe, tactile anaesthesia super¬ 

vened when in the process of secondary softening the hippocampal region became impli¬ 

cated. In Experiments XVII. and XVIII. lesions were purposely primarily established 

in this region. In Experiment XVII. anaesthesia was not observed till the third 

day :—the track of the cautery, as was proved post-mortem, having swerved away 

from the hippocampal region. But as softening invaded the hippocampal region 

anaesthesia became established. The sections of the hemisphere (figs. 89-94) show 

that the lesions were confined to the cortex and medullary fibres of the hippocampal 

and inferior temporo-sphenoidal region. 

In Experiment XVIII. anaesthesia followed the lesion immediately, and the animal 

was killed before any secondary changes could be developed. The sections of the 

hemisphere show that the lesion was strictly confined to the hippocampal and lower 

temporo-sphenoidal region (figs. 97—102). 

In reference to lesions of the temporal lobe not specially invading the hippocampal 

region, Experiment 14 is of importance. In this case the region of the middle and 

inferior temporo-sphenoidal convolutions was disorganised without any indications of 

tactile anaesthesia. Some extension of the primary lesion occurred secondarily, but 

whether any anaesthesia resulted was not observed. The fact of importance is that 

the primary lesions were without discoverable effect on tactile sensibility. 

In Experiment 26 also, though the lower temporo-sphenoidal region was destroyed. 
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and the hippocampal region only partially involved, there was only slight and transitory 

impairment of tactile sensibility on the opposite side. 

These, as well as other similar facts narrated, serve to show that the lesions of the 

lower temporo-sphenoidal region which are necessarily made in attempts to destroy the 

hippocampal region from the external aspect of the temporal lobe are negative or 

unimportant in the causation of the anaesthesia. 

Where the hippocampal region was reached through or from the under surface of the 

occipital lobe, and particularly in the former case, where the medullary fibres of the 

whole of the posterior lobe were invaded, tactile anaesthesia was complicated with visual 

defects more or less pronounced. But the experiments recorded in Section I. enable us 

to eliminate the visual defects and assign them to the lesions inflicted on the occipito- 

angular region. 

The sense of hearing was very rarely affected, and then only when the lesions 

invaded the medullary fibres of the superior temporo-sphenoidal convolution. 

By thus eliminating the effects of lesions of the occipito-angular region, of the 

superior temporo-sphenoidal, and in large measure at least of the middle and lower 

temporo-sphenoidal region, we arrive at the lesion of the hippocampal region as the 

essential factor in the causation of the anaesthesia observed in the various cases. 

When the hippocampal region was entirely destroyed, as in Experiment 27, the 

most complete anaesthesia was manifested on the opposite side, and the degree of 

anaesthesia varied in other experiments with the completeness of the destruction of 

this region. 

In some of the experiments the apparently impossible feat was accomplished of 

restricting the lesion to the gyms hippocampi and hippocampus itself respectively. 

When the cortex of the gyrus hippocampi was alone or mainly injured, as in Expe¬ 

riments 24 and 26, there was well-marked impairment of tactile sensibility on the 

opposite side, but not of permanent duration. 

When the fascia dentata and internal margin of the gyrus hippocampi were alone 

injured, as in Experiment 32, there was a remarkable hypersesthesia of a transient 

character, which has already been commented on. In another sense this fact is of 

importance as showing that the anaesthesia resulting from lesions of the hippocampal 

region cannot be explained away on any theory of mere proximity of the lesions to the 

sensory tracts of the hemisphere. For in this case the lesion was nearer the crus 

cerebri than in any of the others. 

When the cornu ammonis alone was the seat of lesion, as in the left hemisphere of 

Experiment 33, there was for a time very marked anaesthesia of the opposite side. 

But here, also, as in the cases where the gyrus hippocampi alone was injured, the 

symptoms were only of temporary duration. 

These facts, therefore, show that the hippocampus and hippocampal gyrus form 

parts of the same centre, and that complete destruction of both structures is necessary 

to secure complete and permanent anaesthesia. But to effect this primarily is both 

4 c 2 
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difficult and fraught with great risks, either of injury to the crus cerebri or of 

secondary haemorrhage, and I have, unfortunately, not succeeded in maintaining any 

animal, in which this lesion was successfully established, sufficiently long ahve to 

determine the questions that arise with respect to permanency or compensatory 

action. In Experiment 25 the greatest amount of damage was inflicted with long 

survival, but the anaesthesia in this case was only partial from the beginning, and 

the lesion did not destroy the whole of the hippocampal region. 

It is comparatively easy to secure total destruction of the hippocampal and lower 

temporo-sphenoidal region by operations conducted without antiseptic precautions, as 

the primary lesions become the centres of secondary inflammatory processes. In all 

cases where this occurred the anaesthesia, at first partial, deepened and became 

absolute. But this condition is incompatible with long survival or accurate determi¬ 

nation of the extent of the primary lesion. 

In addition to the positive evidence furnished by these experiments in favour of the 

localisation of the centres of tactile sensibility in the hippocampal region, I would also 

adduce the negative effect as regards tactile sensibility of all the other cerebral lesions 

here recorded, involving the occipital, parietal, and frontal lobes. In none of these, 

however extensive, was any impairment of tactile sensibility observed, even of the 

most transient duration. 
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Introduction. 

The origin of the tendency among the earlier morphologists to draw a sharp distinc¬ 

tion between stem and leaf may most probably be traced to the fact that vegetable 

morphology was first pursued as a science in regions where deciduous trees prevail. 

Seeing the leaves of so many plants fall off as a whole, while the scar left wTas almost 

a direct continuation of the external surface of the stem, doubtless gave rise to the 

view that the two should be regarded as radically distinct members. 

As the science of morphology progressed it became necessary, if this distinction 

were to be maintained, to define more clearly how members belonging to these two 

categories differ one from another. Various attempts were made by authors to show in 

what the essential difference consisted, the most notable being that of Hofmeister,'* 

who brought forward a number of distinctions, based chiefly upon development. 

The most essential of these were adopted in that section of the Text Book of 

Sachs,! which deals with the relations of leaves and leaf-forming axes. In the last 

paragraph (No. 8) of that section, he clearly lays down the principle that “ the 

expressions stem and leaf denote only certain relationships of the parts of a whole— 

the shoot.” This principle is elaborated in his more recent lectures,J in which he 

writes as follows :—A typical shoot consists of the leaves and the axis, which 

however are not really to be regarded as different organs, but fundamentally as parts 

only of one organ. In their nature, and as shown by the history of their 

development, the leaves are fundamentally nothing more than processes, or out¬ 

growths of the axis of the shoot.” If we accept these propositions, and I 

do not see how we can do otherwise, the same method of morphological treatment 

* Allgemeine Morphologie, pp. 406-416. 

f Second English Edition, p. 153. 

| Vorlesnngen, p. 48. 
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should be applied to the leaf as is usual in studying the stein. On reading 

current morphological papers, however, it is very apparent that this is not done. 

Leaving out of account the use of that adhesive terminology, which constantly revives 

in the mind the older mode of viewing the leaf, it is still obvious that the treatment 

of the leaf by modern writers is different from that of the stem. Thus, to take as an 

example the best of the earlier works on leaf-development, viz., Eichler’s Dissertation 

on tfie Development of the Leaf ;* after defining the Primordial Leaf as the young 

leaf before internal differentiation, or distinction of external parts, the author goes on 

to describe (p. 7) how the primordial leaf becomes differentiated into “ two chief parts, 

which are common to the leaves of all Phanerogams, viz., a stationary zone, which 

takes no part in the further formation of the leaf, and a vegetative part which 

forms the lamina with its branches.” The former he names the foliar base (blatt- 

grund), and the products of its development are the sheath and the stipules if 

present; the latter he designates the upper leaf (oberblatt), which gives rise to the 

simple or branched lamina. The petiole is also, according to Eichler (p. 8), derived 

from the upper leaf, though other more recent writers describe it as being intercalated 

between the two parts. This distinction first drawn by Eichler has recently been 

revived, and the terminology, with some slight modifications, adopted by Goebel, f 

He has however imposed a very necessary limitation upon its application, viz.: that the 

two parts of the primordial leaf “ are not sharply marked off from one another, but are 

only to be distinguished by the part which they play in the further growth of the 

young leaf.” He has, on the other hand, extended it to the Monocotyledons and Gym- 

nosperms, and occasionally also to certain Cryptogams, in which similar phenomena 

appear. Thus the distinction of the foliar base and upper leaf has become established 

in botanical terminology, and it is applied equally to both branched and unbranched 

leaves. 

This distinction is a very natural outcome of the study of the development of 

the leaves of the higher plants, and it seems to lie ready to hand, but the comparison 

in this respect with the vascular plants, acknowdedged to be lower in the scale, has 

been much neglected, and such a comparison should be made as a test of the validity 

of a distinction of this kind. Because it appears to be obvious in certain of the 

higher plants, the distinction is not necessarily valuable, nor even logical; while, 

as I shall point out later, it is not in conformity with the morphological method of 

treatment of the stem. The parts resulting from the development of the foliar 

base and upper leaf are, it is true, ready distinguishable from one another in certain 

of the higher plants, but the question is whether we draw this distinction between 

structures which are morphologically coordinate, and whether by distinguishing them 

we gain any further insight into the real nature of the leaf. It appears to me that 

* Eichler, Zur Entwickelungsgeschichte des Blattes. Marburg, 1861. 

f Beitr. z. Morph, und Phys. des Blattes, Bot. Zeit., 1880, p. 753. Yergl. Entrr. d. Pflanzenorgaue, 

Schenk’s Handbuch, p 215. 



LEAF IN THE VASCULAR CRYPTOGAMS AND GYMNOSPERMS. 567 

we do not, or at least not in all cases. I admit that no serious objection can be 

urged to applying this distinction of foliar base and upper leaf to simple, unbranched 

leaves, as in the Monocotyledons and Coniferse, provided the parts develop in such a 

way as to warrant the distinction. But in leaves which are branched the case is 

different, and it may be stated that it was chiefly with such leaves that Eichler was 

engaged when he first introduced the terms. When we distinguish between the 

foliar base and the upper leaf in a branch leaf, we divide the leaf into two parts which 

are not coordinate : on the one hand we place the basal part of the main axis of a 

branch-system, on the other the upper part of that axis until its branches of all 

orders. Such a distinction might be compared with that between the bole of a 

forest tree below the lowest branches on the one hand, and the whole of the upper 

part of the tree, including the upper part of the main axis together with its branches 

of all orders on the other. Such a treatment, though very obvious, can hardly be 

called scientific, and would not lead to a true insight into the morphology of the 

tree, such as might be obtained by following the main axis upwards, and tracing its 

identity from base to apex, and its relation to the branches, &c. It may have been 

thought that the peculiar conformations often found at the base of the leaf even in 

a comparatively early state of development would justify the distinction ; but those 

peculiarities are the result of phenomena of distribution of growth of a nature which 

would not be allowed to be of sufficient morphological importance to justify such a 

distinction of parts in an axial branch system. 

The most important point in the morphological study of a shoot or branch system 

is to ascertain the mode of origin and the sequence of appearance of the various parts, 

and their relations in these respects one to another ; the greater importance being, 

as a rule, attached to those phenomena which are of earliest date. Thus, in treating 

of axes and branch systems, the time of origin, and the mode and point of first 

appearance are regarded as of greater morphological import than subsequent 

changes of conformation, brought about by peculiarities of the distribution and 

localisation of the intensity of growth, however greatly those changes may affect the 

general outline of the number or branch system. Thus in the common Hyacinth no 

radical distinction is drawn between the short lower part of the axis (the conn), which 

bears the scales of the bulb together with the foliage leaves, and the elongated part 

of the axis (the scape), which bears the flowers : both are recognised as parts of the 

same axis, though the difference in the distribution of the longitudinal growth in 

different parts of it is very great. Again, in certain shoots of Vitis gongyloides, of 

the Potato, &c., transverse growth is found to preponderate at certain points, 

resulting in the formation of fleshy swellings ; but any morphologist, overlooking the 

results of excessive transverse growth, will still recognise in those structures a 

peculiar development of a part of the axis, which however still retains for him its 

identity throughout. Thus in treating of axes, morphologists recognise clearly that 

the mode of origin, and the mutual relations of members on their first appearance are 
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the most important points, and that, however much those relations may apparently 

be disturbed by various localisation of subsequent growth, the changes thus induced 

are to be regarded as but of secondary importance. 

In dealing with the leaf this principle is not kept so clearly before the mind, and 

the explanation is doubtless to be found in the fact that the intercalary growth is 

usually localised, at or near the base of the leaf, at an earlier period than is the case 

in the stem. Current morphology still retains those obvious distinctions of sheath, 

petiole, and lamina, as coordinate structures, independently of the fact that the most 

salient and distinctive characters used in distinguishing these several parts one from 

another result from processes of growth in transverse and longitudinal directions, 

which, in the treatment of axes, would be freely admitted to be of but secondary 

importance, and certainly would not be allowed to take precedence of those phenomena 

of branching upon which the morphological treatment of the shoot is primarily based. 

In the leaf precedence is given to the more obvious results of intercalary growth, 

while the branching of the leaf is treated as of but secondary importance. This 

inconsistency demands further investigation. It must be ascertained by a comparative 

study of the leaf in forms acknowledged to be lower in the scale, whether there he 

sufficient reason for treating the leaf differently from the stem. It may be stated at 

once that in my opinion the comparative study of leaves of the lower vascular plants, 

which will be detailed below, does not justify such a difference of treatment. 

Before bringing forward that mode of treatment of the leaf, which I shall propose as 

being more in accordance with the method of treatment of the axis, it will be neces¬ 

sary to say a few words on the subject of growth as affecting the external conformation 

of members.4' Differences in direction, intensity, localisation, and duration of growth 

transversely to the organic axis of a member result in differences of its external form ; 

and the forms which result may be roughly ranged in three series, though these 

graduate by intermediate forms one into another : (1) When the growth is equal in 

all directions transversely to the organic axis, the member is cylindrical. (2) When 

the growth along one transverse diameter is a maximum, and that in a diameter at 

right angles to it is a minimum, a flattened member is the result. In both the above 

cases the growth (exclusive of secondary changes) is usually nearly simultaneous over 

the wdrole cross-section. (3) When the growth is at first more or less uniform over 

the whole cross-section, but is subsequently localised, and continued more rapidly at 

one or more points at its periphery, variously winged members are the result. These 

three modes of development, as well as transitional forms between them, are to be 

found exemplified both aniung axes and leaves ; but while the first is most common 

for axes, and most rare among leaves, the second and third are most common for 

leaves, and less usual for axes. It frequently happens that in one and the same axis 

there may be a gradual or even a comparatively sudden transition from one of these 

forms of development to another. Thus, in stems of Rhipsalis, Coccolobci, XylopliyUa, 

* Compare C. He Candolle, ‘ Theorie de la Feuille,’ p. 19. Geneve, 1868. 
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Ruscus, and Phyllocladus, one axis is frequently cylindrical below, and gradually 

more flattened above, yet no morphologist would lay any stress upon the distinction 

between the flattened part and the part which is cylindrical; both are regarded as parts 

of one and the same axis, though the transverse growth is not uniform throughout. It 

was, however, chiefly on the ground of an external conformation due to an unequal 

distribution of transverse growth, coupled with a “stationary” character,"" that the dis¬ 

tinction between foliar base and upper leaf was based ; and this is not sufficient ground 

for distinguishing two categories which, as I have shown above, are not morphological! y 

coordinate. If the shoot is to be treated uniformly and consistently, the treatment 

of the leaf must be modified.t 

Instead of drawing the distinction, in the first instance, in leaves whether branched 

or unbranched, between the foliar base and the upper leaf, I propose to treat the whole 

leaf, from apex to base, consistently as a podium, or form of axis, which may or may 

not branch, and which may develop in different ways at different points. It will be 

necessary to define this podium by the use of a distinct term, which shall include not 

only a part of it, but the whole of it from apex to base, exclusive only of its branches.t 

Various words have been used by different authors, who have felt the necessity of 

defining this podium : thus “ racliis ” has been used, but this term has already another 

distinct application; the old term “midrib ” has also been used, but this is unsatisfac¬ 

tory, since it implies that it is the rib which is at the middle of something, and this is not 

always the case, nor is it that character of the structure which it is desired to describe. 

I therefore propose the term phyllopodium to express the whole of the main axis of 

the leaf, exclusive of its branches, the word being similar in composition to the terms 

“ sympodium,” and “ monopodium.” 

As is also the case with stem structures, the phyllopodium is capable of very various 

development. In the simplest examples it remains unbranched, and it may then 

develop (1) in a cylindrical manner, as in Pilularia; or (2) it may appear as a 

flattened structure without wings or midrib, as in Welwitschia and many Monocoty¬ 

ledons ; or (3) it may be simply winged, through part or the whole of its length, as in 

Gnetum. In other cases the phyllopodium may branch, the branches being produced 

in acropetal or basipetal order: these may appear in the mature leaf as teeth at the 

margins of the wings, or as distinct pinnae, which may themselves develop in various 

ways, and again branch, forming pinnules, and so on to higher orders of ramification. 

As will be pointed out more at length at the close of this paper, the phyllo¬ 

podium may develop uniformly throughout its length, as is the case in Pilularia and 

* Eichler, lx., p. 7. Goebel, Bot. Zeit., 1880, p. 759. 

f Eichler even goes so far as to argue (lx., p. 24), in answer to the opinion of Mercklin and others, 

who regarded stipules as basal pinnae, that because the foliar base and upper leaf differ radically one 

from another, therefore members borne by them are not morphologically equivalent. 

t Of course no sharp line can be drawn between its branches and itself, just as it is impossible to 

define accurately the limit between stem and leaf. 

MDCCCLXXXIV. 4 D 
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Welwitschia; in other cases by differences in the distribution of growth in tranverse 

and longitudinal directions, a different conformation may be acquired at different 

parts : thus a basal part or hypopodium may be recognised, which coincides with 

Eichler’s “ blattgrund ” : a median, elongated part, the mesopodium, which coincides 

with the petiole : and thirdly, an apical part, the epipodium.* 

It will be necessary to say a few words upon the third part of the phyllopodium, 

in order to show how it differs from the “ oberblatt ” of Eichler, this beinsr the 

essential point in which his method of treatment differs from that which I am 

endeavouring to establish. Under the term “ oberblatt.” Eichler and Goebel include 

the whole of the upper part of the leaf whether branched or unbranched : supposing 

the leaf to be unbranclied, the term “oberblatt ” will include precisely the same part 

of the leaf as I wish to express by the term “ epipodium,” But in the case of branched 

leaves, while the term “ oberblatt ” will include the whole of the upper part of the 

leaf with its branches, in fact a whole branch-system, I should include under the term 

epipodium only the upper part of the phyllopodium with its wings, and exclusive of 

its branches of higher order. The difference of application of the terms may seem at 

first sight small, but beneath it lies an important difference of morphological method. 

By Eichler the leaf is treated as one member, which may branch in its upper part; 

under the method which I propose it is treated throughout as a potential branch- 

system ; under the former method a sharp distinction is drawn between the basal part 

of the leaf, and the upper part which may or may not branch ; under the latter the 

distinction is between the podium, and the branches (if any) which it bears. 

It seemed to me to be important to test the validity of my views as to the mode of 

procedure in studying the morphology of the shoot by a series of observations on those 

plants of the vascular series! which are universally allowed to be lowest in the scale, 

and this comparative study of the leaf seemed especially necessary, since it has been 

much neglected by those to whom we owe the chief advances in our knowledge of leaf- 

development. I had previously been engaged on the development of the leaves in the 

Cycadacece and Gnetacece, and thus a good opportunity was offered of working in the 

results obtained in those groups with those obtained by other writers and by myself 

in the vascular Cryptogams, so as to arrive at a comparative view of the development 

of the leaf in the whole series. It may be stated that the result of this comparative 

* Mj reasons for introducing a new terminology are two. First, it is desirable to dispel as far as 

possible the idea upon which so much stress is laid by Eichler, that there is an important difference 

between the “ blattgrund,” and “ oberblatt ” (7.c., p. 25, “ wesentlich von einander verschiedene Theile ”): 

this may best be done by dropping his terms ; secondly, while rejecting the general term “ oberblatt ” 

as expressing an idea which is not in accord with morphological method as applied to the axis, it is 

desirable to observe uniformity in the terminology. 

t I purposely leave out of account the foliar Muscinece, though these are so often used in comparison 

with vascular plants. It is often forgotten, while comparing' the vegetative organs of Muscinece with 

those of the vascular plants, that the structures compared are not homologous, but at best only analogous 

developments. 
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study is fully to justify the treatment of the whole leaf as a branch system, while it 

brings into greater prominence the fact that the main axis of the leaf in the more com¬ 

plicated forms has undergone a progressive differentiation as a supporting organ, as dis¬ 

tinct from the branches of higher order which it bears ; further, that as we pass upwards 

through the scale of vascular plants, there is a tendency to an earlier arrest of the apical 

growth of the phyllopodium ; this, together with the increased prominence of the results 

of intercalary growth, which has in many cases so distorted the branching system of the 

leaf, gives a ready explanation of the origin of those methods of treatment of the leaf, 

which 1 have alluded to above. 

Comparative Study oj the Leaf. 

Taking first that family of the Leptosporangiate Ferns'” in which the simplest structure 

of the vegetative organs is represented, viz., the ILymenopliyllacece, the phyllopodium 

is often found to be obviously winged throughout its length, and continuously to the 

point of insertion on the axis {e.g., Hymenophyllum ciliatum, Trichomanes radicans), 

* The term “ Leptosporangiate ” was first introduced by Goebel (Bot. Zeit., 1881, p. 717) to include 

those Ferns in which the sporangium originates from one cell ; these are further distinguished by the 

whole structure of the sporangium, the regular succession of its cell divisions, the form of the arche- 

sporium, &c., from the Eusporangiate forms, in which the sporangium does not originate from a single 

cell, and is of more complicated structure. He puts forward the following classification:— 

I. Leptosporangiate Forms. 

a. Filices. 

(1) Homosporous Ferns. (Polypodiacese, Gleicheniaceae, Cyatheaceee, &c.) 

(2) Heterosporous Ferns. (Salviniaceae.) 

B. Marsiliacece. 

(1) Marsilia. 

(2) Pilularia. 

II. Eusporangiate Forms. 

A. Filicales. 

(1) Marattiaceae. 

(2) Ophioglossaceae. 

B. Equisetinece. 

(1) Catamites. 

(2) Equisetacese. 

C. Splienopliyllece. 

D. Lycopodince. 

(1) Lycopodiacero. 

(a) Homosporous forms. Genus Lycopodium. 

(b) Heterosporous forms. Lepidodendron. Sigillaria (?) 

(2) Psilotacese. 

(3) Selaginellese. 

(4) Isoetas. 

E. Gymnosperms. 

4 P 2 
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while in other cases the winging is less marked, but still traceable (Trichomanes 

Prieurii). I have not found any marked modification of contour at the base of the 

leaf in this family, and this coincides with the observations of Prantl.* 

This author describes the young leaf of Trichomanes speciosum (l.c., p. 6) as having a 

two-sided apical cell, from which two longitudinal series of segments are cut off by 

converging walls. These segments divide by longitudinal walls, so as to form two 

series of cells, occupying the margins of the leaf (marginal series), and internal cells 

forming the central part of the leaf (compare Prantl’s fig. 2, Taf. 1). Thus the 

phyllopodium is from the first, at least, potentially a flattened structure, which, by 

increase in bulk of the tissues derived from the internal cells and by continued 

growth at the margins, becomes a winged structure ; the marginal series of cells 

are in a corresponding position to those which have been shown to be so intimately 

connected with the winged development in the leaves of other Ferns. As to the 

branching of the phyllopodium, it has been shown by Prantl to be distinctly 

dichotomous, at least in the upper portions of the leaf; the upper part of the 

phyllopodium is thus a sympodial development. Further, it is clear that, the 

tissues of the leaf thus originating in the first place from a two-sided apical cell, 

and then from growth and repeated division of marginal series, of cells, are really 

the outcome of a development referable to a single plane, that is in two dimen¬ 

sions of space only. 

Passing on to Ceratopteris thalictroides,+ in which the development of the leaf has 

been so accurately followed by Kny, the apex of the young leaf is here also occupied 

by a two-sided apical cell, from which two series of segments are cut off; these 

segments divide, as in Trichomanes, in such a manner that a series of cells is formed 

running along each margin of the flattened leaf, and continuous to its base (compare 

Ivny’s figs., Taf. 6) ; this character remains in the permanently angular cross-section 

of the lower part of the phyllopodium. Thus the leaf of Ceratopteris is also potentially 

a flat structure, which assumes a winged character by increase in bulk of the central 

part, and continued growth at the margins. The identity of the apical cell is subse¬ 

quently lost, the apex of the leaf being then occupied by a continuation of the 

marginal series. The first pinnae arise monopodially in acropetal order, and first 

appear as marginal outgrowths, but with no distinct reference to the segments of the 

apical cell. The structures which Kny calls stipular scales (stipular-schuppen), have a 

similar structure to the perulse (spren-schuppen), and except in their position do not 

seem to me to be of a stipular nature. 

The type of leaf-development seen in Ceratopteris prevails in its main characters 

also in other Ferns which have been investigated: e.g., species of Asplenium,\ in 

* Unters. z. Morph, d. Gefasskiypt. Heft I. Leipzig, 1875. 

f Kny, Hie Entw. d. Parkeriaceen. Dresden, 1875. 

X Sadebeck, Zur Waclistkumsges. d. Farrnwedels. Verk. d. bot. Ver. Brandenburg. Bd. 15 (1873), 

p 123. 
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which Sadebeck followed the development; and as I have observed also in Aspidium 

Filix-Mas, Polypodium vulgare, and Onoclea (Struthiopteris) germanica, &c. The 

formation of the pinnae in these cases is, at least at first, by monopodial branching, 

though it has been clearly shown that dichotomy may occur in the higher ramifica¬ 

tions of the leaves of some Ferns, 

Taking first Aspidium Filix-Mas, the marginal series of cells could not be distinctly 

traced as continuous to the extreme base of the phyllopodium in the young state, as 

is the case in Ceratopteris, and presumably also in Trichomanes; but such marginal 

series are clearly marked at the periphery of the pinnae, and up to the extreme apex 

of the leaf. There is, however, a longitudinal weal on each side of the base of the 

phyllopodium, which is continuous upwards, with the usual winged development on 

the phyllopodium and the pinnae, and it may easily be recognised in the mature leaf. 

This is doubtless the representative of, or a suppressed form of the wing-like develop¬ 

ment, which is, as iu the cases before described, continuous to the base. In Onoclea 

germanica * the laterally widened basal part of the phyllopodium shows a similar 

external conformation to that in Aspidium, but the two marginal weals project more, 

and, as in Aspidium, may be easily recognised by their white colour. There is, 

however, no distinct development of wings in the usual sense of the term. Thus in 

the Ferns named, and they are merely taken as examples, the marginal developments 

may be traced to the base of the phyllopodium, and it may be concluded that this is 

a usual, if not a constant character for the Ferns. If this be so, the phyllopodium of 

the Ferns is typically a winged structure throughout its length, but in certain parts, 

and especially towards the base, the wings may be reduced, and only be recognised in 

the mature state as giving an angular form to the transverse section, or as light 

coloured, and very slightly projecting longitudinal ridges. 

The Hydropteridece are probably close allies of the other Leptosporangiate Ferns, 

but with their vegetative organs reduced in accordance with their aqueous habit. In 

this group there is a general reduction of development of the leaves, which, however, 

is apparent in different ways. Thus in Azolla there is a reduction of the phyllopodium 

to a minimum (if indeed the term may be applied at all), while the leaf has hardly any 

characters in common with the Fern-type. In Salvinia the early development of the 

leaves shows more points in common with the Fern-type, there being a two-sided apical 

cell, and, at least in the aerial leaves, a series of cells at each margin of the flattened 

leaf, similar in position and origin to that in the Ferns (compare Pringsh. Jahrb., 

Tom. 3, Taf. 25, fig. 7). In Marsilia the leaf is not of so reduced a type, and shows 

a clearly marked relation to the Fern-type. As shown by Hanstein,-]- there is at first 

* This plant lias been noted by Goebel (Bot. Ztg., 1880, p. 787) as an example of the occurrence of 

scale-leaves; some of the leaves lose their apical portion, which dries up, and is thrown off, while the 

basal part remains persistent. In the plant of Onoclea, which I had under observation, about half of 

the leaves had thrown off their apices in this way: the form of the basal portion which persists does 

not differ in any marked degree from the bases of the normally developed foliage leaves. 

f Pringsh. Jahrb., Tom. 4, p. 245, &c. 
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a two-sided apical cell, the segments from which divide so as to produce two longi¬ 

tudinal, marginal series ; these give rise at the apex of the phyllopodium to four pinnae, 

which appear in acropetal order, and themselves have marginal series of cells as in the 

Ferns. The development of the leaf of Pilularia not having been thoroughly inves¬ 

tigated, I have made a few observations upon it which show that it resembles that of 

Marsilia. 

Pilularia globulifera. 

The leaf of Pilularia has already been cited (p. 569) as an example of a simple phyllo¬ 

podium, without appendages of any sort. It has been pointed out by Al. Beaux * that 

it is connected with the Fern-type through Marsilia, in which the first formed leaves 

of the young seedling are without pinnae. 

In Pilularia, the conical, upturned apex of the horizontal axis bears members of 

three orders, which appear almost simultaneously in groups of three. They are, leaves 

which arise in two longitudinal rows on the dorsal t surface of the axis (Plate, 37, fig. 1, 

1-7); buds, or lateral axes, one of which arises below each of the leaves, that is nearer 

the ventral side of the axis, and in the same transverse plane (fig. 1. b); and thirdly, 

roots formed endogenously, and similar in structure to those in Marsilia. One root 

is situated immediately below each bud (fig. 1, r). 

The leaf appears first as an outgrowth of a single cell of the axis ; in this cell 

divisions follow in regular succession cutting off two rows of segments from a two-sided, 

wedge-shaped, apical cell (figs. 2, 3). The position of the apical cell relatively to 

the axis appears, after the earliest stages, to be oblique, as seen in fig. 2. The 

further subdivision of the segments proceeds on the same plan as has been shown by 

Hanstein to obtain for Marsilia. The leaf assumes the circulate curvature at an 

early stage (fig. 1), and, as in other cases among the Filicineae, it is not coiled accurately 

in one plane. The activity of the apical cell is continued until the process of extension 

of the lower portion of the leaf, and the consequent unrolling of the young leaf begins. 

No clearly marked region of intercalary growth is to be found ; the process of extension 

is carried on uniformly throughout the tissues, beginning at the base and extending 

upwards. There is no continuation of the apical growth after the identity of the apical 

cell is lost, such as is found in the leaves of Ferns. Finally, the leaf develops from 

the first in a cylindrical form, and there is no prominent ridge to be found, nor any 

marginal series of cells similar to those in the Ferns and Marsilia. The cylindrical 

form is maintained to the extreme base. This leaf may thus be regarded as the 

simplest form of a phyllopodium, in which the mode of development is uniform from 

base to apex, and which bears no appendages. Though there is not any apparent 

* Neuere Unters. iiber d. Gatt. Marsilia u. Pilularia. 

t In speaking of horizontally growing axes, I use the term dorsal to signify the upper, and ventral the 

lower surfaces. In speaking of leaves, the term ventral is applied to the surface facing the axis, and 

dorsal to that which is turned away from the axis. This use of the terms is, however, obviously incon¬ 

sistent, though it is now generally adopted. 
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formation of wings, still in the arrangement of the cells in the young leaf, and in their 

subdivisions, there are points in common with Marsilia. 

Osmundacea:. 

I.—Osmunda regalis, L. 

The young phyllopodium, before any pinnse are formed, consists of an elongated basal 

portion with massive lateral wings, and a less distinctly winged apical portion, which 

is terminated by a bluntly conical, and comparatively massive apex : the whole is 

covered by numerous mucilaginous hairs. On removing the extreme apex by a 

transverse cut, and treating with suitable reagents, it is found that the apex is 

occupied by a tliree-sided, conical, apical cell, which is so situated that one side faces 

the apex of the stem, while the opposite angle is directed away from the apex of the 

stem, that is towards the dorsal side of the leaf (Plate 37, fig. 4). From this cell 

segments are cut olf parallel to the three sides, in regular left-handed spiral* 

succession, as at the apex of the stem of Equisetum. The segments are further 

divided up fundamentally on the same plan as laid down by Cramer for Equisetum, 

and shown in the well-known figures copied in Sach’s Text Book. Irregularities of 

arrangement of the walls are however to be found, as shown in the lower left-hand 

corner of fig. 4, on Plate 3 7. The apical cell remains clearly marked even after the first 

pinnae have appeared : for instance, it was still to be seen at the apex of a leaf, which 

had already formed six pinnae (Plate 37, fig. 5); but in one which had formed twelve 

pinnae no apical cell was to be seen, while in the latter case the whole bulk of the 

conical apex was much smaller than in leaves at an earlier stage. After the three- 

sided apical cell has lost its identity, and the whole apex of the leaf has been 

reduced in bulk as above described, a marginal series of cells similar to, though less 

marked than in the case of other Ferns, is found extending over the apex of the leaf; 

but it has not been possible to recognise among the cells of this series any single 

cell acting the part of a two-sided apical cell. 

The pi nine are formed monopodially, and in strictly acropetal order on the 

phyllopodium: as in many Ferns, their insertion is not perfectly lateral, but towards 

the ventral face of the leaf, and along the lines of the more or less developed wings. 

The pinnules also appear in acropetal order, and are developed monopodially on the 

pinnte. I have not seen any case of dichotomous branching in the leaf of Osmunda 

regalis, such as is described by Sadebeck, Prantl, and others as occurring in the 

leaf-branchings of higher order in many Leptosporangiate Ferns. It has been 

ascertained in the case of certain other Ferns that there is a distinct genetical relation 

between the pinnae and the segments of the apical cell, though that relation is not 

* i.e., left-handed in the mechanical sense : the succession was left-handed in all the cases observed. 
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so close as was at first assumed by Sadebeck.* In these cases the two rows of pinnae 

correspond to the two rows of segments of the two-sided apical cell, though the 

individual pinnae have been shown by Kny not to correspond to the individual 

segments. It was thus suggested that a similar relation might be found in Osmunda. 

I have, however, been unable to discover any regular relation between the segments 

cut off from the apical cell and the individual pinnae : the position of the latter is 

such that they must arise partly from the tissues derived from the ventral series of 

segments, partly from those derived from the lateral segments (Plate 37, fig. 5). This 

conclusion may be put in relation with Kny’s observations on Ceratopteris, from 

which he finds that the pinnae do not necessarily coincide with the segments of the 

apical cell: in Osmunda, however, the absence of such coincidence applies not only to the 

cells of one marginal series of segments, but also to the series of segments themselves. 

The lower pinnae appear in their early stages of development as rounded masses 

of tissue, in which no marginal series of cells can be recognised even when the 

pinnae are viewed as in Plate 37, fig. 5. There is, it is true, a prevalence of cell- 

divisions in a direction perpendicular to the plane of the leaf over those parallel to 

that plane, but the distinction is not so complete as to mark off any marginal series. 

In the apical portions of pinnae in later stages of development, as well as in the 

apical portion of the phyllopodium when further advanced, and in the later developed 

pinnae, a marginal series may be recognised; in no case, however, is the marginal series 

so regular or so clearly marked as, for instance, in Aspidium Filix-Mas or Ceratopteris 

thalictroides. Thus, in Osmunda regalis the same mode of development by a 

marginal series of cells referable to a single plane is to be found as is prevalent 

throughout the leaf of the simpler Ferns. But in Osmunda it is relegated to the later 

stages only, viz. : at the apex of the phyllopodium and of the pinnae when they are 

far advanced, and also in the later-formed pinnae and the pinnules. 

It has often been described how the basal part of the leaf of Osmunda regalis is 

widened laterally so as to form a sheath, while in those leaves in which the upper 

portion is aborted and dried up, it is this wider basal portion which forms the scale- 

leaf first noted by Prantl. This widening is due to a transverse growth, chiefly in 

the peripheral tissues, including the superficial cells, the latter dividing repeatedly 

by periclinal walls. This growth in a transverse direction is most active at the lateral 

margins, that is at the points where a slight similar growth is found in other Ferns, 

e.g., in Onoclea germanica and Aspidium Filix-Mas : or where in other Ferns there are 

well developed lateral wings, similar to those in the upper parts of the leaf. There can 

thus, after comparing Osmunda with other Ferns, be no doubt that the massive lateral 

wings at the base of the leaf are homologous with the similar, but less massively 

developed wings at corresponding points in other Ferns. Moreover the massive wings 

at the base of the leaf in Osmunda may be traced as continuous in the young leaf from 

* Sadebeck, Verb. d. bot. Vereines. Prov. Brandenburg. Bd. 15, p. 129. Knt, Die Entw. d. Parkeriaceen, 

p. 40. 
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the base to the upper regions of the leaf, where they are interrupted by the insertions 

of the pinnte. Thus the phyllopodium of Osmunda is a winged structure throughout 

its length, though the mode of the development of the wings is different at different 

parts of it, being more massive near the base, thus forming the sheath, and being less 

bulky, though still traceable, in the upper part. 

Osmunda cinnamomea, L. 

In this species also, a three-sided, conical, apical cell was found at the apex of the 

phyllopodium, and having a similar orientation to that in O. regalis. It may still be 

recognised after a considerable number of pinnae have been formed. In all important 

points the leaf of this plant corresponds to that of 0. regalis (Plate 37, fig. 6). In a 

leaf which had not yet formed any pinnae, I was able to see clearly the relation of the 

massive wings at the base of the leaf to the apical cell; the limits between the rows of 

the segments could be traced as zig-zag lines down to the wings, thus showing that they 

are derived partly from the ventral, partly from the lateral segments (Plate 37, fig. 6). 

In this species also the apical part of certain of the leaves becomes abortive, the 

basal part remaining as a permanent scale, as described by Peantl for 0. regalis. 

\ 

Todea superba. 

It was in this plant that the three-sided apical cell in the leaf was first found : since 

the Osmundcicece differ from the other Leptosporangiate Ferns in various characters both 

external and anatomical, it was thought that an examination of the development of 

the leaf might bring interesting facts to light. The three-sided apical cell has the 

same orientation as in the two species of Osmunda described above, but its position 

does not appear to be maintained so exactly as in these plants, nor are the walls of 

segmentation so accurately parallel to the sides of the apical cell. Further, the sub¬ 

divisions of the segments present more frequent irregularities (Plate 37, fig. 7). In 

the absence of distinct marginal series of cells in the early stages of the first formed 

pinnae, and in the phyllopodium itself, while such marginal series are to be found 

in the later formed pinnae, and in later stages of the earlier formed pinnae, Todea 

superba corresponds to the above species of Osmunda. A peculiarity of structure of 

the wings on the higher ramifications of the leaf in this species cannot be passed over 

without remark. Transverse sections of the wings in these parts show that they 

consist of two, or at the margin of but one layer of cells ; the corresponding parts of 

T. barbara consist of about nine layers. Thus between the species of a single genus, 

the affinity of which is indubitable, a very marked difference may exist in the bulk of 

the winged developments, and this should be borne in mind in considering the similar 

and simple structures in the Hymenophyllacese. 

Attention must be paid to the basal portion of the leaf of Todea superba. Here, as 

MDCCCLXXXIV. 4 E 
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in Osmunda, there is on each side a massive winged development, which owes its 

origin to an activity of growth and division of the peripheral cells, including those at 

the surface. At first this development is, as in Osmunda regalis and cinnamomea, 

restricted to the lateral margins, and as in those plants, no doubt homologous with the 

basal winged development in other Ferns so often referred to (Plate 37, fig. 8, a, b). 

Later, however, the activity of growth and cell-division extends transversely across 

the face of the phyllopodium, and the result is a continuity of the transverse portion 

of the sheath with the lateral wings (Plate 37, fig. 8, c). In the mature leaf this may 

be clearly seen with the naked eye. This continuation of the winged structure across 

the face of the phyllopodium is comparable with that resulting in the so-called “ axil¬ 

lary stipule,” or with that which produces the familiar orbicular leaves, for example 

in Tropceolum, Hydrocharis, &c. (Goebel, Verlg. Entw., pp. 232-4). Tins case of 

Todea has an important bearing upon similar structures in Angiopteris, Stangeria, and 

Ceratozamia. 

Todea superba appears to have no scale-leaves, with abortive apices, as in Osmunda, 

but in Todea barbara scale-leaves may be found in considerable numbers. 

Comparing the development of the leaf in the Osmundaceoe, as shown in the above 

examples, with that of other Leptosporangiate Ferns, it is clear that an advance has 

been made in robustness of character of the phyllopodium, and therefore in its adaptation 

to serve as a supporting organ. As I have above pointed out, the growth with a two- 

sided apical cell, from the segments of wdiich two marginal series of cells are derived, 

is to be looked upon in the case of the Fern leaf as a reminiscence of a development 

as a flattened expansion. This flattened expansion, by habitual thickening of the 

central portion, and frequently by corresponding reduction of the lateral wings, 

especially in the lower parts of the leaf, may be regarded as having given rise to 

structures such as the leaves of most Ferns. In the Osmundacece, though the winged 

character is not lost, the development of the apex of the leaf is of a massive and solid 

character from the first, and continues so as long as the apical cell persists ; it is a 

structure developed from the first, not in two, but in three dimensions of space. It 

has been clearly shown by the observations of Treub on the apex of the stem of 

Selaginella Martensii* that there is in that plant sometimes a two-sided, sometimes a 

three-sided apical cell, and that intermediate forms may be found between them : it 

might therefore be concluded that no great importance is necessarily to be attached to 

a difference in that respect. But in this case of the leaf in the Leptosporangiate 

Ferns the change from a two-sided to a three-sided cell is accompanied by changes of 

other characters, such as a more massive apex of the young leaf, the absence of 

marginal series of cells in the lower parts of the phyllopodium and pinnae, as well as 

differences of internal structure, and in the reproductive organs. On these grounds 

it appears justifiable to attach more importance to this transition from the two-sided 

to the three-sided apical cell, than is necessarily implied by such a change. The leaf 

* Rcclierclies sur les organes de la vegetation du Selaginella Martensii. Spring. Leide, 1877. 
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in the Osmundacece may therefore be regarded as an advance upon the leaves of other 

Leptosporangiate Ferns ; the phyllopodium is, at least in the part derived from the 

three-sided apical cell, a structure which develops from the first as a solid structure. 

On the other hand, it is of interest to note that though there is this difference 

between the Osmundacece and other Leptosporangiate Ferns, still the conformation of 

the leaf is fundamentally the same. The phyllopodium and pinnae, &c., are essentially 

winged structures to their extreme base. Putting this fact into relation with the 

observations of Kny, on the want of coincidence of origin of the pinnae with the limits 

of the segments cut off from the apical cell in the leaf of Ceratopteris, and with 

Treub’s observations on Selaginella Martensii, it appears that the external conforma¬ 

tion of the member or system of members is to a great extent independent of the 

arrangement of the internal cell-walls. 

Marattiacea:. 

Angiopteris evectci, Hoffm., var. pruinosa, Kuntze. 

For comparison with the Osmundacece on the one hand, and with the Cycadcwece on 

the other, I have had the opportunity of dissecting a well-grown plant of Angiopteris 

evecta, from Java. The amount of material being limited, several points of considerable 

interest have escaped observation, while on other points the evidence is not conclusive. 

This is especially the case with the observations on the apex of the stem. Holle 

remarks (Bot. Zeit., 1876, p. 218) that the reference of the cells of the punctum 

vegetationis to the divisions of a single apical cell is not certain, but he regards it 

as probable that they all originate thus from a single cell. My own observations 

point clearly to the existence of a wedge-shaped apical cell, but I am not in a position 

to state whether the cell has two or three edges, or what is the succession of segments 

cut off from it. Such a cell is represented in Plate 37, fig. 9, and though I will not 

vouch for the accuracy of direction of some of the less important cell-walls there 

drawn, this at least is quite secure, that the apical cell is a conical one, and that the 

tissues of the punctum vegetationis owe their origin to segments cut off from it. The 

question is left open whether this structure, found in a well-grown plant, is constant 

for the species. 

The leaf originates as a flattened swelling of the surface of the very slightly conical 

apex of the stem. The growth is from the first more active on the side further 

removed from the apex of the stem (dorsal). The apex of the leaf is thus curved at 

an early stage towards the apex of the stem. A transverse semi-circular weal arises 

on the ventral side of the young leaf, and at some distance below the apex (Plate 37, 

figs. 10, 11) ; it soon shows signs of greater enlargement in its lateral portions than 

at the centre : this weal is the first origin of the well-known “ stipules.” The lateral 

portions grow rapidly, and overarch the more slowly growing, circinate apex of the 

leaf, in the manner already well known. 

4 e 2 
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Holle states (l.cp. 218), I presume generally for Marattia and Angiopteris, 

though this is not made clear, that there is one wedge-shaped, pointed, apical cell at 

the apex of the young leaf, and that it may be found till after the appearance of the 

pinnae. He describes it as being neither two-edged nor three-sided, but of irregular 

transverse section, while its divisions appear without definite regularity. I have 

satisfied myself, by observation both of medial longitudinal sections of leaves of various 

stages of development, and of transverse sections of the extreme apex of the leaf, 

that there is no such wedge-shaped cell at the apex of the leaf of Angiopteris evecta: 

a result which coincides with Holle’s description, viz.: that there was irregularity of 

form and of succession of segments of the apical cell which he saw. Preparations 

were made by me from leaves varying in their state of development from the condition 

of a flattened papilla, to the period of formation of the pinnse, and the same result 

was obtained from all, viz.: that there is not any single, conical, apical cell in the 

ordinary sense of the words. 

My own observations show that the structure of the apex of the leaf of Angiopteris 

evecta is as follows. There are at the extreme apex a number of cells, larger than 

those surrounding them : as may be seen in median longitudial section, they are limited 

below by periclinal walls (Plate 37, fig. 12), and are thus clearly not wedge-shaped 

or conical cells. The cells of the apical region may be referred, in some cases at least, 

to a group of four initial cells (marked x in figs. 12 and 14), but these cannot 

always be equally well distinguished, and as seen in surface view from without, they 

exceed the surrounding cells but little, if at all, in size (figs. 13 and 14). These cells may 

be more clearly recognised when seen in a median longitudinal section of the apex of 

the leaf, in which case, of course, but two of them will appear. In such sections 

(fig. 12) the two cells appear separated from one another by a wall, which may be 

traced back continuously into the lower tissues of the leaf: they present an oblong 

outline, and exceed the average of the surrounding cells in depth. Passing away from 

the apical cell in either direction, the cells are seen to be smaller in average size : the 

prevailing mode of division is by successive periclinal and anticlinal walls, though, as 

may be seen in fig. 12, the succession of these is not strictly according to rule. 

A similar absence of regularity in the arrangement of the anticlinal walls may be 

seen in the figs. 13 and 14, which represent the apices of the leaves as seen from 

without. It is thus apparent that the arrangement of cells at the apex of the leaf of 

Angiopteris is similar to that described for the apex of the root.* 

As the pbyllopodium elongates, the pinnse make their appearance on the ventral 

surface of it, and above the level of insertion of the stipules. All the evidence at my 

disposal points to a development of the pinnse by monopodial branching of the 

phyllopodium in strictly acropetal succession, and in somewhat regular alternation on 

the two sides. They appear first as broad projections of the ventral face of the 

phyllopodium, and are arranged in two longitudinal rows, as in other Ferns (Plate 38, 

* Russow, Vergl. Unters., p. 107. Schwendener, Bot. Ztg., 1880, p. 718. 
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fig. 15). They are at first similar in every external aspect to the pinnse of Cycos 

of like age. Examination of the apices of the pinnse showed that there is no single 

apical ceil, nor are there, at least in early stages of development, any marginal series 

of cells, like those described for the leaves of the Leptosporangiate Ferns. The num¬ 

ber of pinnse formed is small as compared with the latter, and the pbyllopodium, at 

least in some cases if not in all, terminates abruptly in a blunt cone, or terminal 

spine, such as is found so frequently among the Cycadacece (figs. 16 and 17).* 

This abrupt ending of the phyllopodium may sometimes be still recognised in the 

mature leaf, but it is usually obliterated by the more rapid growth of the parts im¬ 

mediately below it. When the succession of the pinnse is clearly alternate, an 

appearance is then produced as though the development of the leaf were sympodial, 

and the last lateral pinnse might be mistaken for the apex of the phyllopodium : 

observations of the development show however that this is not the case. 

The pinnse themselves assume the circinate curvature at an early stage (Plate 38, 

fig. 16) : as their development proceeds they may either become themselves winged, 

as is the case in young or weak buds ; or they may form pinnules, which also arise 

alternately, and in acropetal order, and are formed monopodially. Towards the apices 

of those pinnse which form pinnules, a similar appearance as of a sympodial develop¬ 

ment is often found, and it may be explained as in the case of the phyllopodium. 

It is well known how frequently transitional forms are found between the winged 

development of pinnse, and pinnules, and even higher forms of ramification, the latter 

being assumed by stronger plants : the result is a great irregularity of outline of the 

whole leaf. 

The phyllopodium itself is but slightly winged, if at all: above the stipules it 

appears almost cylindrical, but in the upper parts of it traces may often be found of 

longitudinal markings where the wings would normally be situated, but the winged 

development is chiefly relegated to the branchings of higher order. WTren a winged 

development of a pinnse or pinnule begins, the central mass of tissue of the member 

is already beginning to pass over to the condition of permanent tissue : active 

meristematic division is still continued at those peripheral points where the wings 

arise. Here the cells are arranged somewhat after the manner of the Leptosporangiate 

Ferns; but whereas in these the marginal cells constitute a simple linear series, in 

Angiopteris the structure is much more complicated ; it is as though each cell of the 

marginal series of a leaf of one of the simpler Ferns were divided up by a number of 

anticlinal walls into cells of small and uniform size, arranged in regular series extending 

from the lower to the upper surface of the pinna or pinnule. Thus a transverse 

section would follow one of these series, as represented in Plate 38, fig. 19, in which 

may be seen in place of a single marginal cell, such as is seen in the transverse section 

* In some examples of Marattia tlie phyllopodium is not thus abruptly terminated, but it is continued 

as an elongated, winged structure ; the same is the case in Danoea. 
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of a leaf or pinna of a Leptosporangiate Fern,* a number of cells dividing by peri- 

clinal and anticlinal walls. Thus the correspondence of structure with that of the 

Leptosporangiate Ferns may be dearly seen, though the whole is much more 

complicated. 

It will now be useful to compare the structure and development of the leaf of 

Angiopteris evecta as above described with that of the Leptosporangiate Ferns, and to 

note where the differences lie. It would be difficult to draw a comparison between the 

stipules of Angiopteris and any corresponding structure in the Ferns, were it not for 

the extension of the winged structure in Todea transversely across the face of the 

phyllopodiiun, so as to form the so-called “ axillary stipule.” As it is, however, this 

structure leads on as an obvious step to the stipular development in Angiopteris: the 

chief points of difference between them are (1) that the transverse portion of the 

structure appears in Angiopteris in the first instance, whereas in Todea ft is of 

comparatively late origin ; (2) that owing to the extreme shortness of the young 

phyllopodium in Angiopteris the longitudinal development of the basal wings is almost 

obliterated, while in Todea, and more clearly in Osmunda, it is very obvious, and may 

be traced upwards as continuous with the wings of the phyllopodium. By means of 

these intermediate forms supplied by the Osmundacece, we are, I think, justified in the 

conclusion that the peculiar stipular structures of the Marattiacece are merely modifi¬ 

cations of the winged development at the base of the leaf. 

In the arrangement of the meristem at the apex of the leaf of Angiopteris a decided 

advance is seen on that in the Osmundacece, and still more on that in the other 

Leptosporangiate Ferns. It was pointed out in the case of the leaf of the Osmundacece 

that the phyllopodium is, at least in the lower part where the three-sided cell was 

active, a structure which developed theoretically as well as practically in three 

dimensions of space. The same is the case in Angiopteris throughout the phyllopodium, 

in those cases at all events where it terminates abruptly. Further, the arrangement 

of the cells at the extreme apex is such, that the tissues cannot have been wholly 

derived from a single apical cell; there appears, on the contrary, to be a group of four 

apical cells : this is again a characteristic of a higher development, and it may be 

stated that in the arrangement of the meristem of the leaf, as also of the root, 

Angiopteris occupies an intermediate position between the Ferns and the plants of 

higher organisation. 

The pinnae and pinnules are here formed by monopodial branching ; no case of 

dichotomy has been observed. They arise as rounded masses of tissue, not as flattened 

structures. The wings which are developed upon them are not referable to a simple 

linear series of cells, but appear as a massive weal on each side of the pinnae or 

pinnule. In these points Angiopteris approaches the Cycadacece (cfi. infra) rather than 

the Ferns. 

Again, the pinnae are comparatively few, and in some cases, if not in all, the 

* Kny, l.c., taf. 7, fig. 7, M. Prantl, Hymenopliyllaceen, taf. 3, figs. 38-54. 
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phyllopodium terminates abruptly in a blunt spine. This I have never observed 

among the Leptosporangiate Ferns : there it grows on, and becomes attenuated and 

flattened, thus apparently returning to its more primitive condition. All these 

characters, together with the almost entire absence of winged developments upon it, 

point to the conclusion that the phyllopodium in Angiopteris has assumed a more 

independent position than in other Ferns, and appears rather as a structure fitted 

to bear flattened assimilating organs, than as a flattened assimilating organ itself: we 

may compare this gradual self-assertion of the phyllopodium as a supporting organ, 

with what has no doubt taken place in the differentiation of axis and leaf, and say 

that the phyllopodium in Angioyteris betrays its axial nature more clearly than is the 

case in the less highly organised Ferns. 

Cycadace^e. 

Cycas Seemanni (Adolph Braun). 

a. The Cotyledons. 

Observations on the development of the leaf in the Cycadacece were begun on seeds 

and seedlings of Cycas Seemanni from Fiji : the seeds showed on dissection a bulky 

embryo, embedded in a massive endosperm (Plate 38, fig. 20). The embryo itself 

before germination consists of two long, almost equal cotyledons, inserted on a very 

short axis, which bears at its apex a number of young leaves in various stages of 

development. The cotyledons are not exactly alike ; one is often larger than the 

other, while the margins of one usually overlap those of the other (Plate 38, fig. 21). 

It is not always the larger cotyledon which overlaps the other, though it may be 

presumed that it is the older one. Externally no trace of pinnae has been found at 

the apices of the cotyledons, such as is shown in Schacht’s drawing of Zamia spiralis 

(Sachs’s Text Book, 2nd Engl. Ed., p. 501). 

Transverse sections of the cotyledons show that there is sometimes a median 

bundle; in other cases no single bundle occupies a median position, but two equal 

bundles are disposed symmetrically near the centre of the cross section : intermediate 

modes of arrangement may be found between these two extremes. It might be 

assumed that the median bundle when present is merely the result of the coalescence 

of two equal bundles, which might be found to be distinct in the upper part of the 

cotyledon; but this is not the case, since the median bundle has been found to 

maintain its individuality in an upward direction. There is thus some irregularity in 

the arrangement of the vascular system in the cotyledons of Cycas Seemanni, though 

in the later formed leaves of this plant there is, as in the other Cycadacece, a 

constant absence of a single median bundle.* The development of the cotyledons has 

not been traced, since all the seeds at my disposal had mature embryos. 

* Compare the description by De Baby (Vergl. Anat. p. 246) of the vascular system in the coty¬ 

ledons of Phaseolus, &c.; also my own observations and those of Stkasburgek on vascular bundles in the 

leaves of different species of Gnetum (infra, p. 599). 
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b. Plumular-leaves. 

The first-formed plumular leaves are arranged in pairs, the first pair decussating 

with the cotyledons. As the plant grows older the arrangement of the subsequentlv- 

formed leaves is spiral. 

The apex of the stem terminates in a flattened cone, in which, as described by 

Strasburger for Cycas revoluta, there is no single apical cell, but the cells at the 

periphery divide frequently by periclinal walls : there is thus no continuous layer of 

dermatogen covering the punctum vegetatioms. The leaf makes its first appearance 

at the periphery of this flattened cone, as a simple, uniformly meristematic, hemi¬ 

spherical swelling, but with the side facing the apex of the stem slightly flattened. 

It is covered externally by a well marked and continuous layer of dermatogen : thus 

the above mentioned periclinal divisions of the peripheral cells are limited to the apex 

of the stem, and are not found in the young leaf. The growth of the leaf is not 

uniform in all directions, but is symmetrica] on either side of the median plane : a 

slight hyponastic curvature of the phyllopodium is all that represents the circinate 

vernation of that part in the Ferns : this is more marked in old than in young plants 

(Plate 38, figs. 22, 23), thus the leaves of older plants overarch the apex more com¬ 

pletely than is the case in younger plants. Growth is at first in a longitudinal direc¬ 

tion, the cells dividing chiefly by transverse walls. The tissues of the young leaf, as 

seen in longitudinal section, are actively meristematic throughout, while the cells 

at the extreme apex show the relatively large nuclei, and thin walls characteristic of 

an apical meristem. Single cells of the dermatogen grow out as unicellular hairs, 

which are particularly numerous on the dorsal surface, and on the median portion of 

the ventral surface. These have to be removed in order to study the further develop¬ 

ment of the leaf, and are not, as a rule, represented in the figures. 

While the whole leaf increases in length, transverse dilatation goes on unequally in 

different directions, and at different parts of its length. It is more marked in a 

direction perpendicular to the median plane than parallel to it, and though it is more 

extensive at the base of the leaf than it is higher up, still it is continuous throughout 

on the same plan. The result of this is that the leaf shows two marginal weals, 

which may be traced as continuous from the base to the apex (Plate 38, fig. 24). 

Starting from the base, it is found that the area of insertion of the leaf is semilunar, 

with somewhat rounded corners ; a transverse section of the leaf a little higher up 

shows a widening out of the corners as thin wings, and this increases upwards to a 

certain point, becoming then again gradually reduced. There is in fact a sheathing 

base to the young leaf of Cycas, which is produced by transverse dilatation through¬ 

out the tissues of the base of the leaf, but especially localised near the two margins 

(compare figs. 24 and 25). Tracing the marginal weals again upwards, they are found 

to extend uniformly as smooth, rounded, parallel ridges to the apex of the young 

leaf. The conformation of the whole phyllopodium from base to apex is fundamentally 
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uniform : speaking in a general sense, it is a winged structure, the wings being a 

subsequent development upon the more bulky central column (compare Osmunda). 

In connexion with the further development of the leaf, and the formation of the 

pinnae, there are two questions to be decided : First, whether the pinnae are formed 

monopodially or by dichotomy of the apex of the phyllopodium ; and secondly, if 

they are formed monopodially, what is the order of their development ? 

In connexion with the former of these questions, it may be called to mind that a 

sympodial development of the leaf in the Cycadacece has been suggested by Sachs 

(Text Book, 2nd Engl. Edn., p. 503), on the ground of the conformation of the apex 

of the mature leaf: this idea is still maintained by some (Fankiiauser ; Ginkgo biloba 

p. 8, Bern, 1882), though the observations of Warming (‘ Recherches et remarques sur 

les Cycadees,’ Copenhague, 1877), which it must be confessed are not very complete, 

point to a monopodial development. My own observations show that in Cycas See- 

manni (as also in all the Cycadacece in which I have had the opportunity of investi¬ 

gating this point) the development is monopodial. It is on the wings or ridges above 

described that pinnae first make their appearance, and clearly below the extreme apex 

of the phyllopodium, which takes no direct part in their formation. There is first 

seen a slight undulation of the surface of the wings : this becomes gradually more 

pronounced, while the convexities gradually round themselves off, and finally appear 

as smooth hemispherical swellings. Still, though some of the pinnae are formed by 

monopodial branching, there might be a gradual transition to a sympodial development 

of those formed later : a transition which probably does take place in many Ferns. 

This is naturally out of the question in those of the Cycadacece, to be described below, 

in which the order of succession of the pinnae is exclusively basipetal. As to the 

remaining forms {Cycas, Dioon), the branching seems always to be monopodial, since 

the apex of the phyllopodium is throughout a much more bulky mass of tissue than 

the young pinnae formed on it. It may therefore be concluded that the sympodial 

appearance of the apex of the mature leaf is misleading. 

In approaching the second question, as to the order of succession of appearance of the 

pinnae, it is obvious that their earliest stages of development should be observed ; it 

is not sufficient to note the relative size of pinnae, which have already passed the 

earliest stages ; though such observations will give useful evidence, still they cannot be 

regarded as conclusive. In illustration of this I may quote an example, represented 

in Plate 38, fig. 26. In this case, passing from below upwards, pinnae of various sizes 

are encountered, yet I have never had any direct evidence of irregularity in succession 

of formation of the pinnae in any of the Cycadacece. Again, certain pinnae may be 

arrested in their development at a comparatively early age (Plate 39, fig. 31) ; thus 

arguments drawn from any but the very earliest stages of development, though they 

may be admitted as secondary evidence, cannot be adopted for the ultimate decision 

of the question. Now, to judge from Warming’s drawings (l.c., Taf. 3, figs. 19, 20), 

and from the description given by Karsten (‘ Organographische Betraclitung der Zamia 
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muricata,’ p. 197), it is only comparatively late stages of development which have 

hitherto been observed. Hence, though the conclusions drawn are probably correct, 

they cannot be regarded as having been conclusively proved. (An exception may be 

made in the case of Ceratozamia observed by Warming.) 

In the case of young plants, such as the seedlings of C. Seemanni, there are practical 

difficulties in the way of a certain decision : thus the number of pinnae on one leaf is 

comparatively small, while here, as in other cases among the Cycadacece, they arise 

almost simultaneously, and first appear as very slight undulations on the wings of the 

phyllopodium. Still, by comparison of a considerable number of cases, the conclusion 

has been arrived at that there are, in the case of C. Seemanni, distinct signs of a 

development of the pinnae in acropetal succession: the pinnae close to the apex, even 

in the youngest cases observed, are smaller than those lower down, while, in some 

instances at least, a similar diminution in size was observable in passing downwards 

towards the base of the leaf (Plates 38, 39, figs. 27, 28). These observations on leaves 

of young plants cannot be regarded as entirely satisfactory, but they acquire greater 

value when coupled with observations on an old plant of C. Jenkinsiana, to be detailed 

below, and with those of Warming (l.c.) (cf. infra, p. 589). 

The question remains whether there is any regular alternation in the appear¬ 

ance of the pinnae on opposite sides of the phyllopodium. Some examples show 

that there is such an alternation, and this may be seen especially in the pinnae 

nearest to the apex of the leaf. It was the prevalence of such alternation at the apex 

of the leaf of certain Cycads (e.g., C. revoluta), which no doubt gave rise to the idea 

that the leaves develop sympodially. In other examples of C. Seemanni, no such 

alternation is to be found, and comparing the leaves, both young and mature, in a 

considerable number of cases, it is clearly seen that the arrangement of the pinnae is 

neither constantly in opposite pairs nor regularly alternate on opposite sides of the 

leaf. 

Finally, the position of the pinme at the apex of the mature leaf of C. Seemanni 

appears to illustrate the transition from the lateral to the terminal position. But, 

judging from young stages of development, I think it improbable that the apex of the 

phyllopodium, in this species at least, ever develops as a true winged structure; but 

rather that the apparently terminal pinna sometimes to be found is originally lateral, 

and gradually assumes the apparently terminal position as development proceeds. An 

accurately terminal pinna has never been observed in an early state of development, 

though one pinna may sometimes be nearer the apex than the rest, as in Plate 3S, 

fig. 27. A comparison of a number of mature leaves of this species leads to the 

conclusions (1) that one apparently terminal or obliquely terminal pinna is about as 

frequent as two more or less exactly equal ones, and (2) that there is no apparent 

tendency for the older leaves to be more regular in this respect than the younger ones. 

Up to the point of formation of the pinnae, the development of all the leaves is 

alike, whether they appear when mature as foliage-leaves, or as the well-known scale- 
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leaves. But after the pinnae have made their appearance, differences in the mode of 

development begin to he apparent, and make it necessary to treat of the two series of 

leaves separately. 

c. Foliage-leaves. 

The apical growth of the phyllopodium, which was never very marked, ceases with 

the appearance of the pinnae ; a slow intercalary growth is however maintained through¬ 

out its length, but is specially localised at different points in it at different times. In 

the basal portion the transverse intercalary growth is continued slowly throughout the 

transverse section, producing a widening of the sheath, which thus accommodates itself 

to the increasing bulk of the younger leaves within it; this transverse growth is accom¬ 

panied by a slow longitudinal growth resulting in an elongation of the sheath. The 

most active intercalary growth goes on in the part of the phyllopodium above the sheath ; 

this part elongates as the petiole, and carries the part which bears the pinnae up with 

it. Meanwhile the pinnae themselves remain in close juxtaposition one with another, 

the elongation of the part which bears them being subsequent to that of the lower 

part or petiole. From the observation of marks, originally drawn at equal distances 

apart on the young elongating leaf, it may be observed that the point of maximum 

activity of elongation is at first at some distance below the insertion of the pinnge, and 

gradually proceeds upwards along the leaf; the final result is that the ultimate 

extension of the tissues is greatest in the sections immediately below the lowest 

pinnae. 

Meanwhile the petiole has increased in bulk, and presents the well-known almost 

cylindrical form, but the traces of the two longitudinal ridges may still be found in 

their original positions, and are well marked in certain other species (e.g., C. revoluta). 

Passing on now to the pinnce, as above stated, these soon assume the form of rounded 

papillae which show in section that they consist of a mass of meristem, covered by a well- 

marked dermatogen. These papillae elongate transversely to the axis of the phyllopodium, 

but their growth is not specially localised, though there is a slight indication of this at 

the base of each pinna. The growth is unequal and hyponastic, resulting in the well- 

known circinate curvature of the young pinna. The tissues at the apex of the young 

pinna remain actively meristematic after two complete circles of circulation have been 

completed, and even after the pinna has begun to uncurl; but the activity at or near that 

point is not greater than elsewhere. Soon after this the apex passes over to the 

condition of permanent tissue, and as it does not take part in the subsequent develop¬ 

ment of wings, it remains in the mature leaf as a distinctly acuminate process. 

The rounded form of the young pinna is soon lost by the formation of lateral wings 

similar in relative position to those on the phyllopodium. A transverse section of a 

very young pinna shows an almost circular outline, while the tissues appear 

undifferentiated, and all the cells capable of division. Later the longitudinal divisions, 

i.e., in planes parallel to the organic axis of the pinna, cease in the central portion of 
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the section, while the cells increase in size, the whole forming the midrib of the pinna. 

Cell-divisions are however continued below the epidermis at the dorsal side of the 

pinna, thus forming the hypoderma (Kraus, Cycadeenfiedern, pp. 321-323); also along 

the ventral surface, and especially at the two angles of the section. Here the cell-divi¬ 

sion is particularly active both in the epidermis and the sub-adjacent tissues, and the 

arrangement of the walls is almost exclusively anticlinal, i.e., in planes perpendicular 

to the external surface. Thus at the margins of the ventral face of the pinna, two 

wings are formed, which consist of a number of internal layers of cells, varying in 

number from 10 near the midrib to about 8 at the margin, and covered externally bv 

the continuous layer of dermatogen. As is well known, a single vascular bundle 

traverses the midrib of each pinna longitudinally, to the apex; no lateral branches are 

given off from it. Accordingly there is no disturbance of the layers of cells in the 

wings by sub-division and formation of procambial bundles ; instead of this the cells 

of the four or five central layers cease their anticlinal division, the cells elongate, and 

those nearest the centre form the transfusion-tissue of Mold. The two layers, 

adjoining the upper and lower layers of epidermis respectively, develop irregularly ; 

cells of the outer layer sometimes forming hypoderma (and this is especially the case 

at the margin) ; sometimes they develop as palisade parenchyma, especially at the 

upper surface. The layer immediately below it accommodates itself to the mode of 

development of the outer layer. The wings extend throughout the mature pinna from 

closely below the acuminate apex to the base, and on the side nearest the base of the 

leaf the wing is continued for a short distance down the pliyllopodium. 

d. Scale-leaves. 

The first leaves which succeed the cotyledons develop only as scale-leaves, and 

leaves of similar form alternate with the later, more fully developed foliage-leaves. 

It has been above stated that in their first origin, and up to the time of appearance 

of the pinnae, there is no perceptible difference between the scale- and foliage-leaves. 

The differences which appear later are as follows :—The pinnae do not advance 

beyond a rudimentary stage, and remain as rounded papiIke ; later the whole of 

the upper part of the leaf with the pinnae becomes dried up (compare Osmunda, &c.). 

The lower sheathing portion of the scale-leaf differs in bulk from that of the foliage- 

leaf, the former being much less massive, while the curve described by the inner sur¬ 

face, as seen in transverse section, is much larger than in the latter (Plate 39, fig. 29, a, b). 

Differences may also be recognised in internal structure, though the plan on which the 

two forms of leaf are constructed is identical; thus the arrangement of the vascular 

bundles is closely similar in scale- and foliage-leaves, but while a band of sclerenchyma 

extends along both the upper and lower surfaces of the basal part of the foliage-leaf, 

that tissue is almost absent from the scale-leaf. 

Thus, as has been pointed out by Goebel (Bot. Zeit., 1880, p. 784), but without 
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investigating them developmen tally or anatomically, the scale-leaves are to be 

regarded simply as altered foliage leaves, which might have developed as such, but 

are arrested at an early stage ; their basal portion is proportionally widened, and 

their apical part aborted (compare Onoclea, Osmunda, and Todea barbara). 

Cycas Jenkinsiana, Griff. 

The above observations on seedlings of Cycas Seemanni not having been quite 

conclusive on the point of the order in which the pinnae appear, it was desirable to 

control them by observations on some older plant, the lea.ves of which produce a large 

number of pinnae. Cycas Jenkinsiana was selected for this purpose ; the individual 

plant bore on one leaf about forty pinnae on each side, those on opposite sides being 

arranged in more or less regular pairs. In addition to these there were about ten 

pairs of spines on the lower part of the leaf, corresponding in position to the pinnae, 

and, as will be shown below, produced in the same manner as the pinnae with which 

they are homologous. The young leaf of this species is similar in general confor¬ 

mation to that in C. Seemanni; it consists of a central columnar portion, on which 

are formed two lateral, longitudinal ridges. These are most strongly developed at 

the base of the leaf, forming a more prominent sheath than in C. Seemanni; they 

may, however, be clearly traced as continuous to the apex of the leaf, which is 

thus in its early state a simple winged phyllopodium. 

The numerous pinnae make their appearance almost simultaneously throughout the 

entire length of the lateral wings, as gentle undulations, which gradually assume 

the form of rounded papillae. There is a slight but unmistakable indication of a 

priority of appearance of those pinnae which are formed about the middle of the 

leaf, while those nearer the apex and the base appear rather later (Plate 39, fig. 30). 

This observation thus corroborates that of Warming (l.cTaf. 3, fig. 20), though the 

difference seems to be less marked here than in Warming’s specimen of Cycas 

circinalis. In the development of the normal pinnae there is no difference from 

C. Seemanni requiring further remark ; but as may readily be seen at the lower 

part of the mature leaf, there is a gradual transition downwards from the normal 

pinnae to reduced spinous structures, which occupy a position similar to the pinnae, 

and are doubtless due to arrested development of homologous structures. This 

view is thoroughly borne out by observations of their development. It may be 

seen in leaves in which extension has not begun, that the formation of pinnae 

is continued along the wings in a basipetal direction almost down to the sheath. 

It is just above the sheath that the petiolar extension begins, and it is most 

marked over the lower part of that region on which pinnae have already appeared. 

These lower pinnae are thus separated a considerable distance one from another 

(Plate 39, fig. 31), at the same time they remain in a comparatively rudimentary 

state, and do not keep pace with the increase in size of the pinnae above the region 
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of early extension; this check, which the lower pinnae suffer at this early period, 

is permanent, and they appear on the mature leaf as the spines above described. 

It is clear that we have here a further example of a phenomenon noted long ago 

by A. de St. Hilaire,* and called by him “ halancement d’organes,” and which has 

long been recognised by botanists. This mutual dependence of organs one upon 

another in respect of their individual development has been recently again described 

and experimented upon by Goebel (Bot. Zeit., 1880, p. 809, &c.), and designated 

“ correlation of growth.” This author has demonstrated that there is a mutual 

dependence in the mode and extent of their development, between the main shoot 

and lateral shoots, between the foliage- and scale-leaves of a single shoot, and further 

between the sporangia and the vegetative development of the shoot which bears 

them : a stronger development of the former structure in each of these cases being 

shown in a series of examples to be accompanied by a reduction of the latter, while 

if, artificially or naturally, the former structure be removed or reduced, at an early 

stage of development, that removal or reduction is followed by a correspondingly 

stronger development of the latter structures. He further pointed out that this corre¬ 

lation has a very wide influence upon the conformation of the members of plants. 

In the leaf of Cycas Jenkinsiana the correlation may be followed a step further, and 

be recognised as prevailing between the parts of a single leaf. The pinnae situated 

upon that part of the phyllopodium where growth and extension begin at an early 

period are arrested in their growth and develop as spines, while those borne by that 

part of the phyllopodium which extends only at a later period are not so arrested, 

but grow into normal, winged pinnae. A similar correlation appears to me to 

afford at least a partial explanation of the very rudimentary condition of the winged 

structures on the petiole in Cycads, and in many Ferns. Probably a correlation such 

as this is very wfidely spread among plants, and especially in those with petiolate 

leaves. A more exact study of these, and especially of the distribution of their 

growth, not in space only, but also in time, would doubtless lead to an explanation of 

many familiar phenomena ofform. 

Dioon edule. 

From the arrangement of parts at the apex of the leaf of Dioon, it appeared not 

improbable that that genus would approach Cycas more closely in the order of origin 

of the pinnae than others of the Enceplialartece. The plant on which observations 

were made bore one mature foliage-leaf, which had on each side about 50 pinnae. 

Both scale- and foliage-leaves in Dioon eclule have a comparatively narrow base, but 

immediately above the point of insertion the margin curves suddenly in a lateral 

direction, so that the basal portion of the leaf is broadly sheathing. The wings of 

this sheath may be traced upwards, as in the leaf of Cycas, to the apex of the phyllo¬ 

podium. As in Cycas the pinnae appear on those ridges, and in leaves in which they 

* Lemons de Botanique, p. 226, 1840. 
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had already been formed in considerable numbers, it was clear that the development 

proceeded in a basipetal direction. This could be proved as follows, on the assump¬ 

tion that leaves formed subsequently to those already developed would form approxi¬ 

mately as many pinnae as they. The foliage-leaf of this plant of Dioon formed about 

50 pinnae on each side. In one young leaf, which showed no sign of apical growth, 

there were about 25 pinnae on each side, while those nearer the base were successively 

smaller than those above, till their identity was gradually lost in the smooth ridge ; 

a considerable space, however, intervened between the lowest traces of' the undulation 

and the sheathing wings. These facts being so, and the next older leaf having a 

larger number of pinnae, while the next younger one had fewer, the conclusion may 

be safely drawn that there is a formation of pinnce in basipetal order of succession. 

But this does not exclude the possibility of a simultaneous development in an acro- 

petal succession, at least among the earliest formed pinnae, and the observation of 

younger leaves, in which the formation of pinnae is just beginning, gives good evidence 

that there is also an acropetal succession, which is, however, soon arrested. Thus on 

the youngest leaf of the plant in question, which bore any traces of pinnae, it was 

distinctly seen that those at the extreme apex of the leaf were smaller than those 

slightly lower, while those lower still were again smaller (Plate 39, fig. 32). This 

appearance not being supported by observations of more than a single specimen, is 

capable of two interpretations: (1) There may be, and I think that there almost 

certainly is, a weak acropetal succession, only a few pinnae being formed subsequently 

to, and above those which first appear: to prove this is impossible on a single 

specimen, since the same difficulties arise here as in Cycas Seemanni, and Stangeria, 

and other cases where the number of pinnae is small; (2) It may be that the develop¬ 

ment is really basipetal throughout, but that those pinnae which are nearest to the 

apex develop less strongly than those formed below, but subsequently to them. I 

am unable to give a decided opinion either way, but think the former interpretation 

is by far the more probable. If it were distinctly proved, the case would be an 

interesting one for comparison with Cycas, since it would be the only example among 

those Encephalartece which I have investigated, of even a limited acropetal order of 

succession of the pinnae; moreover, there would thus be added one more character in 

common between Cycas and Dioon. 

Macrozamia Miqueli. 

The material at my disposal consisted of young plants only. These showed on the 

mature leaf a terminal spine, representing the apex of the phyllopodium. It was 

never observed to have developed as a winged structure. On the phyllopodium are 

borne pinnae, usually to the number (in the plants investigated) of about 16 on each 

side : those at the apex of the leaf are usually arranged in equal pairs, though they 

are sometimes irregular. The base of the phyllopodium is as usual developed as a 
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winged sheath. The pinnae frequently have marginal teeth, which vary in number 

and size, not only from plant to plant, but also from leaf to leaf. While one plant 

observed had hardly any teeth on any of its pinnae, most of them had several cn each 

pinna, the number varying from two to four or five : thus the occurrence of these 

teeth is a very inconstant phenomenon. 

Turning to the process of development, the young leaf of M. Miqueli has a similar 

form to that described for other Cycads (Plate 39, fig. 33), viz. : it is conical, with 

the ventral face flattened, and it is traversed from base to apex by two lateral ridges, 

which are extended near the base as sheathing wings. In their upper part, i.e., above 

the wings, they are at first smooth ; as the leaf grows older, undulations appear first 

close to the apex ; these undulations, which are the first indications of the young 

pinnae, round themselves off as hemispherical papillae ; later they assume an ellipsoidal 

form .(Plate 39, figs. 34, 35). As to the order of succession in the appearance of the 

pinnae it can be clearly proved in this plant that it is basipetal, the same arguments 

being applicable here as in Dioon edule. But there is this difference between the 

two, that whereas in Dioon there are traces of an acropetal order of succession 

in the pinnae nearest the apex, such a succession is completely absent in Macro- 

zamici. It will be obvious from a comparison of figs. 33 to 35 that though the 

leaf may at first increase in length by apical growth, this ceases soon after the 

formation of the first pinnae, and the subsequent elongation must be intercalary : 

also it may be readily proved by measurements that this intercalary growth is 

more active in the lower part (e.g., below the fifth highest pinnae in the figs.) than 

in the upper part of the leaf: a similar observation will apply to other examples 

described below. 

The basipetal succession is also maintained by the pinnae in their further develop¬ 

ment : those situated near to the apex of the leaf are the first to assume the ellipsoidal 

form above mentioned (Plate 39, fig. 35) : the longer axis of the ellipse is placed 

obliquely to the axis of the phyllopodium, the lower end of the axis pointing outwards : 

this corresponds to that oblique insertion of the pinnae to be observed in the mature 

leaf of so many Cycads (Plate 39, fig. 37). Very soon after assuming the ellipsoidal 

form, the pinnae show traces of a marginal crenation (Plate 39, figs. 35, 36), the number 

of lobes is small, and corresponds to the number of teeth of the pinnae, of which they 

are the first indication : the teeth thus appear at a very early period, before the tissues 

of the pinnae are differentiated, and a considerable time before the ligrtification of the 

elements of the xylem. 

The pinnae in their further development show a localisation of their intercalary 

growth below the teeth (or pinnules, as they may perhaps be called), so that in the 

mature pinna the teeth are situated at or very near to the apex. It lias been 

impossible to find any single lobe constantly in advance of the others, which could in 

any sense be regarded as the apex of the pinna : still, one lobe is frequently more 

prominent than the rest (compare figs.). - 
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Encephalartos Barteri. 

This plant affords a most conclusive proof of a development of pinnae exclusively in 

basipetal order. The average number of pinnae on each side of the mature leaf of the 

plant investigated was rather over 40. The apex of the phyllopodium extends beyond 

the topmost pinnae as a short terminal spine : at the margin of the mature pinnae, and 

especially near the apex, a number of spinous outgrowths (pinnules V) are formed. 

The leaf has in its early stages of development a similar conformation to that in the 

forms already described, but the wings at the base of the leaf are of large size, and 

subsequently extend upwards as in Ceratozamia (cf. infra). No pinnae are formed, at 

least in the plant dissected, till the young leaf has attained a considerable size, with 

well developed ridges running to the apex (Plate 39, fig. 38). The formation of pinnae 

then begins dose to the apex, as a series of rounded papillae, which subsequently 

become ellipsoidal, their longer axes being oblique to the phyllopodium (Plate 39, 

fig. 39). There are no signs of any development of pinnae in acropetal order ; on the 

other hand all evidence tends to show that the order of succession is exclusively 

basipetal. Thus (1), the pinnae decrease in size from above downwards ; (2) as above 

mentioned, the average number of pinnae on each side of the leaf of the plant in ques¬ 

tion was over 40 : in the leaf represented in Plate 39, fig. 39, there are 12 on each 

side, while a considerable space intervenes between the lowest pinnae and the basal 

wings; in the next older leaves this space is occupied by young pinnae. There is 

thus conclusive proof of an exclusively basipetal order of development of the pinnae in 

this plant. Marginal spines, similar to those in Macrozamia Miqueli, are formed at a 

comparatively early period on the pinnae. 

Ceratozamia Mexicana, Prong. 

Observations were made upon a well-grown plant of this species, which had four 

fully-developed foliage-leaves. Each of these bore from 18 to 28 pinnae, that is 9 to 

14 on each side of the phyllopodium. The pinnae near the apex are arranged in 

regular pairs, while those nearer the base are less regular in this respect; and it may 

be here remarked that this is generally, but by no means always, the case with those 

members of this group in which the development proceeds in basipetal order. On 

the other hand, in those plants which like Cycas have divaricating order of develop¬ 

ment, the pairs at the point where development first begins are most regular, while the 

regularity is not so marked in the later formed pinnae. There appears then to be, 

roughly speaking, a tendency to regularity of arrangement in pairs among the pinnae 

first formed, and a gradually increasing irregularity in those formed later. But this 

does not hold without exception. 

The lower part of the phyllopodium, when mature, bears numerous spines 

irregularly arranged. These resemble the spine-like pinnae of C. JenTcinsiana in 
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general appearance, but not in position. They were not to be found upon the young 

leaves of the plant investigated, and this would point to a late origin, which, together 

with the irregularity of their arrangement, would give them the rank of emergencies. 

This cannot, however, be accepted as conclusive, since they are entirely absent from 

some leaves, even when mature, and that may have been the case with the young 

leases which were observed. However this may be, they are certainly not constant 

in occurrence nor in arrangement. 

In very young leaves, before the pinnse make their appearance, there are to be seen 

two lateral, basal wings, as represented by Warming (l.c,, Taf. 4, figs. 16-19) for 

Ceratozamia longifolia. As in other cases these may be traced upwards in the young 

leaf, and be seen to be continuous with the two lateral ridges, which run to the apex 

of the phyllopodium. The phyllopodium is thus, as in other cases, fundamentally a 

winged structure. As the leaf grows older the basal wings become elongated upwards as 

broad flaps (cf. Warming’s figure, l.c., Taf. 4, 19). Up to the time of appearance of 

the first pinnae there is no connexion between the flaps transversely across the face of 

the phyllopodium. At a later period, after the pinnae have begun to be formed, a 

more or less irregular and lobed extension of the wings is formed on the face of the 

phyllopodium, which connects the two wings one with another, and remains per¬ 

manently, so that it can readily be recognised at the base of the mature foliage-leaf, 

and may be found also on the ventral face of the scale-leaf. This connexion between 

the wings transversely across the face of the phyllopodium is interesting when com¬ 

pared with other examples of a similar process above described : thus in Todeci and 

in Angiopteris similar developments have been noted ; but there is a difference in the 

time of development : thus in Todea and in Ceratozamia the connexion appears at a 

comparatively late period, whereas in Angiopteris the transverse connexion is present 

from the first. 

As described by Warming, the order of formation of the pinnae is basipetal. This 

may be proved in the same way as in Encephalartos Barteri (Plate 40, fig. 40). The 

young pinnae are much like those of Zamia, but the margin is not undulated, but 

smooth. 

Zamia muricata. 

As statements have already been made by Karsten * as to the development of the 

leaf in this plant, it was important to observe the early stages of the process carefully, 

and especially so because his observations do not coincide with my own and with 

Warming’s on Macrozamia and Ceratozamia, &c. From the passages quoted it appears 

* Org. Betr. d. Zamia muricata, p. 197. He says: “Alle Fiederbliittchen erscheinen bei ilirem ersten 

Auftreten in der Form ba.lbmondformiger Wulste ; ” and later on, p. 211 : “Von mehr Bedeutung wurde 

fur den Vergleich der Cycadeen mit den Farren die Entwickelungsgeschicbte und Entfaltungsweise der 

Blatter gewesen sein, die bei diesen Familien gleichmassig von unten nacb oben fortsclireitet, Vi bread 

bei den iibrigen Phanerogamen die Entfaltung des Blattes von oben nacb unten.” 
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that he thought that at least in Zamia muricata the development of the whole leaf, 

and its extension proceeded from base to apex. In the former of the two passages 

however he describes the first appearance of the pinnae as “ semi-lunar weals ”; this 

does not correspond to my own observations on other Cycads. Thus there are two 

questions to be decided : first, in what form do the pinnae first appear ? second, do 

they ajjpear in acropetal or in basipetal succession ? 

On examining young leaves of Zamia muricata it was found that the form of the 

pinnae on first appearance, and their order of succession, were similar in all essential 

points to that described in Macrozamia and Ceratozamia. Thus the pinnae do not 

arise as “ half-moon-shaped weals ” but as undulations of the surface of the ridges, 

which round themselves off as hemispherical papillae, and then subsequently assume 

the obliquely ellipsoidal form. Further, the order of succession of their appearance is 

clearly basipetal, and no signs of any acropetal succession were found in the leaves 

investigated. Judging from Karsten’s description of the first appearance of the 

pinnae as “ semi-lunar weals,” I should think that he did not see the earliest stages of 

their development at all, though such observations alone can give true ground for 

statements as to the order of development of the parts of the leaf. 

Marginal crenations or teeth are found on the pinnae of most if not all species of 

Zamia, and some observations were made upon their origin, and the time of their 

appearance. They are absent from the basal part of the pinnae; the margin of the 

apical part of the pinna is seen at an early stage to be crenated [Z. Bolivian a f 

= Loddegesii), even while the lignificat ion of the vascular bundles has hardly begun : as 

to the order of development of the crenations, I have not been able to come to any 

conclusion, but it may readily be seen in young pinnae that they are more marked at 

the lateral margins than at the apex. Each crenation corresponds in position to the 

end of one of the procambial strands, or vascular bundles : this may be compared with 

what has already been observed by Prantl* in the leaves of certain Ferns, in which, 

as he describes it, the ends of some of the nerves (hence called ribs, costa) perform 

the function of growing points during the development of the leaf: a similar but very 

rudimentary development is to be found in most of the Encephalartece,, also in Botry- 

chium, and in Ginkgo. 

The phyllopodium of Zamia ends in a terminal spine. During the extension and 

unfolding of the leaf there is a curvature of the phyllopodium, which has been 

regarded as bearing an outward resemblance to leaves with circinate vernation. This 

curvature, however, appears only at a comparatively late period, the phyllopodium of 

young leaves being straight in those plants both of Zamia and of Ceratozamia, which 

I have observed. 

* Untersucbungen zur Morpliologie der Geflisskryptogamen. Heft I., p. 4, Ac., Heft II., p. 4, Ac. 

4 Cx 2 



596 ME. F. 0. BOWER ON THE COMPARATIVE MORPHOLOGY OF THE 

Stangeria paradoxa. 

This genus of the CycadacecB approaches the Marattiacece more nearly in external 

aspect than the rest: the venation of the expanded pinnae, their small number, and 

the sheathing stipule are common characters, which at once assert themselves. The 

superficial resemblance is so strong that the plant was first described as a Fern by 

Kuntze.'* It was thus a matter of considerable interest to work over the development 

of the leaf in Stangeria paradoxa, and to compare it on the one hand with Angiopteris, 

and on the other with the rest of the Cycadctcece. 

In the first place, the idea suggests itself that there might be a closer correspondence 

between this plant and Angiopteris in the characters of the apical meristem than is 

found in other Cycadacece. Sections showed that this is not the case, the apex neither 

of the stem nor of the leaf of Stangeria showing any greater similarity to those of 

Angiopteris than that of Cyccis. 

The leaves appear as broad roundish swellings on the conical apex. At a very 

early period an outgrowth of the ventral face appears below the apex of the young 

phyllopodium, and results in the formation of a transverse weal or ridge, which is 

curved downwards at the lateral margin, and thus presents a convex upper surface 

(Plate 40, figs. 41, 42). This axillary stipule, as it may be called according to the 

present terminology, grows to a considerable size, and overarches in the first place 

the apex of the stem, and also the successively formed younger leaves (Plate 40, 

fig. 44). When seen from above it may be observed that there is a slight median 

emargination, which however is not very pronounced at any period. This structure 

appears to be the homologue of the similar structures in Angiopteris, Todea, and 

Ceratozamia. 

The part of the phyllopodium immediately above the sheath does not show clearly 

marked longitudinal weals (compare Angiopteris and Todea), though a winged 

structure is slightly apparent in the upper portions of the mature leaf in all the 

plants named which have this conformation at the base. Some time after the sheath 

is formed and considerably advanced, the pinnae make their appearance. Their 

number being small, and the material limited, I have been unable to observe the order 

of their development with certainty. As in other Cycads, they appear when young 

as rounded papillae, and are arranged in two longitudinal rows. There is some 

irregularity in the manner in which they are disposed at the apex of the phyllo¬ 

podium. In some leaves there are two equal pinnae placed symmetrically on either side 

of the apex (Plate 40, fig. 44), while the latter may be sometimes recognised at the 

back of them as a very minute projection.! In other cases there is a distinctly 

median pinna borne at the apex of the phyllopodium, or it may be that the 

apex of the phyllopodium itself grows on as an elongated winged structure, 

* Stangeria paradoxa—Lomarict coriacea, L. eriopus. Kuxtze, Linn, x., 102, 506, and xviii., 116. 

t Such an arrangement calls to mind that often found at the apex of the leaf of Botrychium or, as a 

still more reduced form of a similar arrangement, the apex of the leaf of Ginkgo. 
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similar to the pinnae. The pinnae elongate, but remain straight (Plate 40, fig. 45) ; at 

the margins of the ventral surface a winged development begins, which is continued 

here over the extreme apex of the pinna, thus producing that appearance of a gradual 

fading away of the midrib, towards the apex of the pinnae. 

Turning now to the details of development of the pinna, it is seen in transverse 

sections of pinnae of various ages that at all times the external surface is covered by a 

continuous layer of dermatogen, in which periclinal cell-divisions never occur. At the 

very first appearance of the wings, both periclinal and anticlinal divisions are found 

in the cells lying below the dermatogen ; but soon the former cease, and as the result 

of continued and successive anticlinal division, the wings as they develop are com¬ 

posed as in Cycas of a number of clearly-defined layers of cells, enclosed by the 

dermatogen : their number varies from about eight or more (exclusive of the derma¬ 

togen) at points close to the midrib, to six or five towards the margin. The 

regularity of these layers is subsequently disturbed by the occurrence of periclinal 

walls also, along the course of the future vascular bundles, thus resulting in the 

formation of procambial strands. About the same time as the procambial strands 

make their appearance the margins of the wings become gently serrated, especially 

near the apex : the serration is already clearly marked before lignification begins in 

the wings, but its appearance is subsequent to that of the lignification in the midrib. 

The chief increase in surface of the pinna is by intercalary, longitudinal and transverse 

growth. It is thus apparent that the development of the wings is closely similar to that 

in Cycas, or in Gnetum (infra) ; also that though the ultimate external appearance of 

the pinna resembles that of Angiopteris more than either of the above genera, still 

there is between the two this difference in their mode of development: that whereas 

there is a clearly marked and continuous dermatogen in Stangeria, in Angiopteris there 

are repeated and frequent periclinal divisions in the peripheral cells, and especially in 

those near the margin of the young wing. 

Gnetace^e. 

Gnetum Gnemon. 

Having already prepared notes on the development of the leaf in the Gnetacece, it 

appeared to me better to embody the results in the present paper along with those 

above detailed than to defer their publication ; moreover this course is justified by 

the bearing which those results have upon the general subject now in hand. 

The cotyledons of Gnetum Gnemon develop in a similar way to the ordinary foliage 

leaves. These arise in decussating pairs, and at first appear as rounded papillae : the 

apices of these papillae soon become slightly elongated, so that the form of the whole 

young leaf is acutely conical, while below it is massive (Plate 40, figs. 47-50). At 

first cell-division and concomitant growth go on almost uniformly throughout the 

young leaf, but even at such an early stage as that represented in Plate 40, fig. 47, 
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the cells of the internal tissue at the extreme apex of the leaf contain single, large, 

compound crystals apparently of calcium oxalate ; these remain permanently as the 

leaves develop, and point to an early cessation of meristematic activity in the tissues 

at the apex of the leaf. The tissues below this apex of the conical phyllopodium 

retain their activity and growth, which go on almost uniformly for a time over the 

whole of any given tranverse section. Soon, however, differences appear in this 
X 

respect; the cells of the dorsal side of the phyllopodium cease to divide in longi¬ 

tudinal planes, though longitudinal sections show that most of the elements continue 

to divide by tranverse walls : at the same time the dorsal portion increases in bulk, 

while the tissues become differentiated, and show all the signs of passing over to 

permanent tissue. Along the ventral surface of the leaf, however, and especially at 

the two corners of its outline of transverse section, which is now angular, the cells 

still divide in longitudinal planes, and show signs of great meristematic activity : the 

division-walls, which appear at the corners of the section, show considerable regularity 

of arrangement. All those divisions of this period which can be seen in a transverse 

section are anticlinal: the result of this, together with the accompanying growth, is 

the formation of two projecting wings attached at the corners of the ventral side of 

the phyllopodium (Plate 40, figs. 49, 50), and extending from close below the apex, 

which is itself not winged, almost to the base. Since all the divisions of cells in the 

wings are at first anticlinal, the tissues develop as well-defined layers, parallel to the 

outer surfaces ; each wing consists of upper and lower layers of dermatogen, which, 

as usual, cover the surface externally, and enclose eight or nine regularly arranged 

layers of internal tissue. The growth of the wings is not localised at any definite 

point, but the divisions at the margin are less frequent than nearer the midrib : this 

shows that the growth is intercalary, not marginal, as in the Ferns. The uniformity 

of arrangement of the divisions in the wings is disturbed at certain points by the 

appearance of periclinal and irregular divisions in the central layers, which result in 

the formation of procambial strands. The periclinal divisions also extend in some 

cases, where a large bundle is formed, to the layers immediately below the derma¬ 

togen ; the cells thus produced, together with the vascular bundle which they enclose, 

form one of those ribs which project on the lower surface of the mature wing. 

Applying the same terminology as has been used above, it is obvious that the 

leaf of Gnetum Gnemon is a simple unbranched phyllopodium, on which wings are 

developed in a corresponding position to those in the Ferns and Cycads : there is no 

definite peculiarity of conformation at the base of the phyllopodium, beyond a slight 

increase in bulk towards the base, which assumes the form of a smooth transverse 

ridge on the ventral face, above the position of those glandular structures which I 

have described elsewhere (Quart. Journ. Micr. Sci., vol. xxii., p. 283, plate 35, 

fig. 19). The wings themselves develop in a manner very similar to those of the pinnae 

of Cyccts or Stangeria, until the special peculiarities accompanying the formation of 

the vascular bundles and ribs make their appearance. Comparing the leaf of Gnetum 
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with that of the Cycadaceae it appears that the two structures are not unlike at an 

early period (figs. 49, 38, 33, 24) ; the difference between them when mature depends 

mainly upon the large development of the pinnae, and the almost complete abortion of 

the wings of the phyllopodium in the Cycadaceae, while in Gnetum the pinnae are 

entirely absent, and are replaced by a larger development of the wings. 

A few words must be said upon a certain irregularity in the arrangement of the 

bundle-system in species of Gnetum, though this lies outside the present subject. As 

already described (l.c., p. 285), the leaf-trace of Gnetum Gnemon consists of five 

bundles, one being median. I have found the number of bundles of the leaf-trace to be 

uneven, one bundle being median, in the following specimens supplied from the Her¬ 

barium at Kew: G. latifolium, Celebes; G. paniculatum, Brazil; G. scandens, G. venosum, 

America ; also in an unnamed species (Motley, No. 1063) from Borneo. In these plants 

the single median bundle could be traced as continuous from the stem into the upper 

regions of the leaf, and it coalesces with the lateral bundles rarely, if at all. In one 

species, viz., G. Africanum* the central bundle is found to be absent : the leaf-trace 

consists here of but four bundles disposed in two pairs. Tracing these upwards 

into the leaf, they are found to take distinct courses, and in the leaf which I 

investigated, no fusion was seen to take place between the pairs. This difference of 

the bundle-system is not accompanied by any marked modification of outer confor¬ 

mation ; the leaf is even accuminate, while in some species with a median bundle the 

apex of the leaf is emarginate (e.g., G. venosum). This inconstancy of arrangement 

of the vascular bundles is particularly interesting as occurring in the Gnetaceae. It is 

well known that a single median bundle is not as a rule to be found in the leaves of 

the Gymnosperms.t Here in one genus (Gnetum), which approaches the Dicoty¬ 

ledons so markedly in the character of its leaves, the gap is bridged over by the 

presence in some species of a single median bundle, as in so many Dicotyledons, while 

in one species (or more) with a similar external conformation of the leaf, the median 

bundle is absent, and the vascular system thus conforms rather to the type of most 

Gymnosperms. 

Other cases such as this, wdiich also occur, though in a less clearly defined manner,J 

show how insecure are those attempts, so frequently made, to solve morphological 

problems by reference to the position of the vascular bundles. 

Welwitschia mirabilis. 

In the cotyledons, from the period of ripeness of the seed, the growth is intercalary, 

and not specially localised at any point. It results in the formation of a flattened. 

* A similar observation lias been made by Strasburger, ‘ Conif. n, Gnet.,’ p. 115. 

f Warming, ‘ Reclierches et remarques sur les Cycadees,’ pp. 22, 23. 

f Compare the cotyledons of Cycas above described, those of Zamia (Warming, l.c., Taf. 3, fig. 28), and 

of certain Dicotyledons (De Bary, ‘ Vergl. Anat.,’ p. 246, &c.). 
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organ, without any midrib, and with a venation similar to that already known for the 

plumular leaf (compare De Bary, ‘ Yergl. Anat.,’ fig. 145). 

The plumular leaves are first formed after germination begins, as a pair decussating 

with the two cotyledons. The first stages of their development have not been traced, 

but in seedlings about six weeks old, in wThich the plumular leaves are still very 

small, it may be clearly seen that their mode of growth already proceeds according to 

the same system as is maintained throughout the life of the plant. Longitudinal 

sections of such a seedling show that the tissues at the apices of the young leaves 

have already lost their meristematic activity, while spicular cells are already to be 

seen embedded in the parenchyma (Plate 40, fig. 52). Passing downwards from the 

obtuse apex of the plumular leaf towards its base, it is seen that the tissues become 

constantly more active, while at the extreme base divisions by walls perpendicular to 

the oi’ganic axis of the leaf follow in quick succession, and show that the leaf, while 

still small, owes its increase in length to the activity of a well-marked basal inter¬ 

calary zone. In such young leaves cut in median longitudinal section (Plate 40, fig. 

53) the tissues are seen to be arranged in regular layers, about ten in number, 

including the epidermis : no periclinal divisions appear in these layers, as a rule, 

during their development into mature tissue, so that they may be distinctly followed 

up into the more mature parts of the leaf. As the plant grows older there is an 

increase in the number of active layers in the intercalary zone, and therefore also in 

the mature portions of the older leaf. Thus in sections from an old plant it was 

found that the total number of layers was about 26. 

This increase in thickness is quite eclipsed by the increase in width of the whole 

leaf. As seen in fig. 52, the base of the leaf where it is inserted on the axis is the 

widest p>art of the whole leaf; in older plants the width of the mature portion of the 

leaf exceeds that of its insertion to a slight, but not very marked, degree. Thus there 

is but slight growth in the direction of the surface of the leaf as the tissues become 

successively developed. This being the case, sections through the base of the leaf 

will give a true indication of the distribution of the growth which brings about the 

increase of width of the leaf as the plant grows older. A series of such sections is 

represented in Plate 40, fig. 54, a-d: (a) shows the young plumular leaf about the 

same age as in figs. 52 and 53, with the two first vascular bundles already 

developed (i, i); in (b) a second pair of bundles is to be seen (ii, ii) between the 

margin and the first pair ; in (c) a third pair (iii, iii) has appeared in a similar position ; 

in (d) the three pairs are still to be seen, but between them other bundles have now 

been intercalated. 

On comparing these sections closely it will be seen that there has been a constant 

increase in distance between the bundles of the first pair. The same is the case with 

other parts of these sections, and a comparison of sections shows a continued but not 

rapid division of cells perpendicular to the surface. This transverse growth is not 
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localised at any point in the section, but as a comparison of a-d will show, is almost 

uniform throughout. 

For comparison with the leaf of Welwitschia some observations were made on the 

development of the phylloclade of Ruscus androgynus, with the result that in the 

main points there was found to be a close correspondence between them. In Ruscus 

the apical part of the phylloclade soon lost its meristematic activity, and the further 

growth was localised in the basal part of the organ, both in a longitudinal and trans¬ 

verse direction. Even the vascular bundles showed some similarity of arrangement, 

two lateral bundles being in advance of the rest. The only essential difference 

between the two structures is their point of origin relatively to the other members of 

the plant. 

Ephedra distachya. 

In order to complete the series, observations were also made on the leaves of Ephedra 

distachya, which are borne in whorls of three ; the upper part of each leaf is linear, but 

the basal part is winged, and the leaves of each whorl are united by the wings into a 

sheathing base. The development of the leaves is simple. Longitudinal sections of 

the apical bud show that the leaves arise as separate, lateral, conical protuberances on 

the conical apex ; the growth and cell-division are at first uniform. When the young 

leaves have advanced so far as to overtop the apex of the stem, active meristematic 

division at the apex of the leaf ceases, but it is continued at the base. This becomes 

still more apparent in older leaves. Thus the greater part of the leaf owes its origin 

to intercalary growth at or near the base of the leaf. This is accompanied by a 

winged development at the base, the growth extending to that part of the axis which 

intervenes between the members of one whorl: thus the sheath-like structure above 

noted is the result. Tranverse sections (Plate 40, fig. 55, i.-iv.) show that the leaf is 

here also essentially a winged structure, though the wings are reduced : still the 

similarity between this leaf and that of Gnetum and many Coniferce is not difficult to 

trace. 

For the development of the elongated cotyledons no material was at hand, but I 

should conclude from the structure of almost mature ones, as well as from their mode 

of growth during germination, while the seed is still retained at their apex, that they 

increase by intercalary growth. 

Conclusion. 

It remains to draw together the results which have been obtained from the investi¬ 

gations above detailed. We are now in a position to state the characters of the phyl- 

lopodium in the lower forms of vascular plants, and then to follow those characters 

through the intermediate forms, and trace their modification as we progress towards 

MDCCCLXXXIV. 4 II 
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those plants which are universally accepted to be higher in the scale. And first it 

will be well to consider those of the vascular plants which, in the characters of the 

vegetative organs, as also in other respects, appear to constitute a natural series, viz. : 

(1) the Leptosporangiate Ferns, exclusive of the Osmundacece ; (2) the Osmundacece; 

(3) the Marattiacece; (4) the Cyccidacece. These may, for convenience, be called the 

largq-leaved vascular Cryptogams and Gymnosperms. 

In the Hymenophyllacece, in which group of Ferns the conformation of the leaf is 

simplest,* the phyllopodium is not clearly differentiated from the appendicular mem¬ 

bers of higher order. It arises at first as a flattened organ, referable in its external 

conformation (according to Prantl’s figure), as well as in the arrangement of the cells 

at its apex, to a single plane; by increase in bulk of its central part, below the 

extreme apex, and by continued growth at the margins, it becomes a typical winged 

structure. Prantl (l.c., p. 59) regards it as probable that in the simplest forms 

there was “an entirely unbranched leaf, traversed only by a midrib, a form which 

probably really exists in the simplest species of Hymenophyllum.” I think, however, 

judging from the rather incomplete data given by Prantl, that it is more probable 

that the leaf was originally a flattened expansion without a midrib, and that the 

appearance of the median thickening was of subsequent occurrence. This is, however, 

pure theory, and, in the absence of intermediate forms between the Ferns and the 

Muscinese, it is incapable of decision. 

The branching of the phyllopodium in the Hymenophyllacece is chiefly, if not 

exclusively, dichotomous. On advancing from the simpler to the more complex forms, a 

transition may be traced from the typically dichotomous to the sympodial develop¬ 

ment (Prantl, he., p. 58), and this is accompanied by an increasing prominence of the 

phyllopodium, which is thus a pseudo-axis. Though prominent to the eye, the 

phyllopodium is not in these cases clearly differentiated in the first instance from the 

less strongly developed branches of the dichotomy : it is often winged like them to 

its extreme base, while it shows no sheathing development, nor other peculiarity of 

conformation at its base. 

Passing on to the other Leptosporangiate Ferns (exclusive of the Osmundacece), 

though the apex of the phyllopodium is often more bulky than in the Hymeno- 

phyllacece, it still retains the two-sided apical cell, so characteristic of flattened organs, 

and thus in the arrangement of its meristem is referable to one plane. When mature, 

it is typically a winged structure throughout its length, and though in Ferns with 

much branched leaves the wings are often but slightly developed in the lower parts of 

the phyllopodium, in Ferns which have more simple leaves the winged development 

may be readily followed to the point of insertion on the axis. As regards the 

* The question may for tlie present he left open as to the real relation of the Hymenophyllaceffi to 

other Leptosporangiate Ferns, i.e., whether they are rudimentary forms or reduced representatives of a 

higher development. It is sufficient for the present that the leaf as there represented is structurally the 

simplest among the large-leaved forms. 
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branching of the phyllopodium, it is in many cases undoubtedly monopodial, though 

in the higher ramifications there is frequently a return to the dichotomous mode of 

branching. As is well known, the apical growth in some cases may be unlimited 

(Lygodium). Thus in the majority of the Leptosporangiate Ferns the phyllopodium 

is more clearly differentiated from the members which it bears than is the case in the 

Hymenophyllacece, and this is most clearly marked by the prevalence of a monopodial 

branching at least in the earlier ramifications. But the structure of the apex is still 

that characteristic of flattened organs, and when dichotomy occurs in its higher 

ramifications, it is no more distinct from the members of higher order which it bears 

than is the case in the Hymenophyllacece. 

In the phyllopodium of the Osmundacece the two-sided apical cell as found in other 

Leptosporangiate Ferns is replaced by a three-sided, conical, apiccd cell, and it is 

believed that these are the only plants in which a three-sided cell has been found at 

the apex of the leaf.'1' Thus the arrangement of the apical meristem is that charac¬ 

teristic not of flattened, but of cylindrical organs, and this may be regarded as indi¬ 

cating an advance in robustness of character, and therefore in adaptation to serve as 

a supporting organ. But the change is not accompanied by any marked difference of 

external conformation of the phyllopodium as a whole : it is still a winged structure, 

though the wings cannot be traced in the lower parts of the leaf as originating from any 

definite marginal series of cells. The position of the apical cell is such as to correspond 

to the requirement of a more bulky development of the phyllopodium on the dorsal side, 

the greater part of the tissues derived from the two dorsal series of segments being 

devoted to the building up of the bulky dorsal part of the phyllopodium, while the 

wings and pinnae are derived partly from the edges of the dorsal segments, partly 

from the ventral segments. It is clear that a three-sided apical cell is better adapted 

to a leaf with a bulky winged phyllopodium than a two-sided one, and in this sense 

the structure of the apex of the phyllopodium in the Osmundacece may be regarded as 

an advance upon that in other Leptosporangiate Ferns. The branching of the phyllo¬ 

podium in the Osmundacece is monopodial, and no example of dichotomy has been 

observed in the higher ramifications, at least in Osmunda regalis : thus the phyllo¬ 

podium preserves its identity throughout the leaf, as distinct from the pinnse which 

it bears ; and this is not the case in those Leptosporangiate Ferns in which it branches 

dichotomously. At the base of the phyllopodium there are peculiar modifications of 

the winged structure, which will be discussed again later. 

In Angiopteris, as an example of the Marattiacece, there is no single apical cell 

occupying the bulky apex of the phyllopodium, but a group (four) of apical cells give 

rise, by their repeated divisions, to the tissues of the leaf, which thus approaches in 

the arrangement of its apical meristem to that characteristic of the higher plants. 

The apex of the phyllopudiuin is not flattened, but cylindrical-conical, and its internal 

* Hoi.le asserts that there is a wedge-shaped cell at the apex of the leaf of Angiopteris, and describes it 

as being of “ irregular cross-section ” : on this point compare my own observations as above detailed. 

4 H 2 
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structure is in accordance with this. At the base of the leaf peculiar modifications 

are more prominent than in the Osmundacece, while in the upper part of the 

phyllopodium traces of a winged development can only be made out with difficulty. 

Its branching is exclusively monopodial, and its growth in length is, in some cases at 

least, strictly limited, the phyllopodium terminating in a blunt, rounded cone. 

Finally, in the Cycadcicece the apex of the phyllopodium is covered by a clearly 

marked layer of dermatogen ; its growth is never very conspicuously apical, though in 

Cycas, and perhaps in Dioon, it is more so than in other genera ; after the first stages 

are past, the growth is exclusively intercalary. It is from the first a bulky, rounded 

structure, but it bears in most cases well-marked and comparatively bulky lateral 

wings, extending from base to apex, and widened in the lower portions to form a 

sheath. The branching is in all cases monopodial, but the order of development of 

the branches is often basipetal. 

Drawing together these facts, it is clear that in the above series of plants there may 

be traced a progressive differentiation of the phyllopodium as a supporting organ on 

the one hand, and of the other members of higher order which develop as flattened 

expansions on the other. In the Hymenopliyllacece the difference appears to lie 

merely in the stronger development of a certain branch of each dichotomous system, 

while other branches, similar to them in origin and conformation, are of more limited 

growth, and assume a lateral position : gradually a monopodial mode of branching 

becomes prevalent (most Leptosporangiate Ferns) ; this shows a difference from the 

very first between the podium and the members of higher order which it bears, but 

the difference is again lost where there is a return to the dichotomous mode of 

branching. The next step is that the apex of the phyllopodium loses the structure 

characteristic of flattened organs, and assumes that characteristic of cylindrical 

structures (Osmundacece), and this is maintained during the development of the lower 

portions, though in its upper parts the phyllopodium is reduced to a flattened 

structure not unlike, in form and structure, that in other Leptosporangiate Ferns. 

In the Marattiacece the apical growth is arrested, at all events in certain cases, at a 

comparatively early stage: the phyllopodium has the apical characteristics of a 

cylindrical organ, and where its growth is limited it does not resume the characters of 

a flattened organ ; it is essentially an organ adapted rather to bear the flattened 

assimilating organs, than such an organ itself, while by its exclusively monopodial 

branching it is always clearly distinguished from the branches (pinnse) which it bears. 

Finally, in the Cycctdacece the distinctive characters of the phyllopodium are still 

more accentuated ; it is from the first a bulky structure ; its apical growth is soon 

arrested ; it does not (except in a few cases, e.g., some leaves of Stangeria) develop 

as a flattened assimilating organ, but differs both genetically and in its further 

development from the pinnse which it bears. It is essentially an organ adapted to 

bear the members of higher order, on which the assimilating function mainly devolves. 

It is unfortunate for the study of the comparative morphology of the shoot that no 
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plants intermediate between the Muscinece and the Filicinece have been found living 

upon the earth, which might give a key to the origin of the morphological differentia¬ 

tion of the sporophore. The series passes at a single plunge from cellular structures, 

with no differentiation of axis and leaf (sporogonia), to vascular plants, with a well 

differentiated axis and leaf: thus we can only speculate by analogy as to the mode of 

origin of the differentiated stem and leaf in vascular plants. The analogy of the 

morphological differentiation of the oophore in the leafy Muscinece is well known, and 

too often applied as though the “ leaf ” in that group were the homologue of that in 

the vascular plants. I think that, in the above comparative study of the differentia¬ 

tion of the phyllopodium from the pinnae which it bears, we have presented to us a 

truer analogy than that of the Muscinece. May we not with good reason think that, 

just as the phyllopodium gradually asserts itself as a supporting organ among 

structures originally of similar origin and structure to itself, so also the stem may 

have gradually acquired its characters by differentiation of itself as a supporting 

organ from other members originally similar to itself in origin and development ? 

Thus the stem and leaf would have originated simultaneously by differentiation of a 

uniform branch-system into members of two categories, and this is what is actually 

illustrated, in the case of the phyllopodium and pinnae, in the series of plants above 

discussed. 

The most prominent change to be seen in the mode of development of the leaf 

on passing from the Ferns to the higher vascular plants is the restriction of that 

apical growth which is so prominent a characteristic of Ferns, and consequently 

the greater prominence of the intercalary growth in those of the higher plants which 

have comparatively large leaves. The observations detailed above show that while 

the phyllopodium of the Leptosporangiate Ferns has a continued apical growth, which 

is sometimes unlimited, that of Angiopteris is, at least in some cases, arrested at a 

comparatively early period : again in Cycas, anc probably in Dioon, the growth at the 

apex and acropetal development of the pinnae are continued for a short time, while in 

most other Cycadacece the apical growth ceases at a still earlier period. 

Thus there are intermediate stejos between the Ferns with continued apical 

growth of the leaf, and the higher plants in most of which that apical growth is 

arrested at an early period. 

In the Ferns the intercalary growth is carried on simultaneously with apical and 

marginal growth, and thus does not play such a prominent part in moulding the form 

of the mature leaf of those plants. But in the higher vascular plants the growth at 

the extreme apex and at the margin is usually arrested at a comparatively early stage, 

and the effect of the intercalary growth more or less strictly localised, which brings about 

various displacements of the original position of members, often becomes more apparent, 

or is even actually greater than in the Ferns. It is chiefly by the variations of external 

form of the leaf, resulting from various distribution of intercalary growth, that the 

leaf of the higher plants acquires its prominent characteristics ; and it is mainly owing 
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to this tiiat the branched leaf has so long been treated as one member, and not as a 

branch-system. Differences of localisation of intercalary growth are regarded as of but 

secondary importance in the morphology of axes, and they should be regarded in the 

same light in the morphology of leaves : the neglect of this principle has resulted in 

the division of the primordial leaf into the foliar base (blattgrund) and upper leaf 

(oberblatt), two categories which, as I have pointed out in the introduction to this 

essay, are not morphologically co-ordinate in the case of branched leaves. 

With the more complete differentiation of the phyllopodium and the pinnse there 

appears also a differentiation of the parts of the phyllopodium itself, corresponding to 

and foreshadowing that more complete differentiation which is found among the 

higher vascular plants. There, as above pointed out, three parts of the phyllopodium 

may be distinguished : the hypopodium which coincides with Eichler’s “ blattgrund 

the mesopodium or petiole ; and the epipodium, which includes the upper part of the 

phyllopodium with its wings, but exclusive of its branches of higher order. That 

these are parts only of one podium, and not fundamentally different parts, as Eichlf.r 

would have it (l.c., p. 25), appears to me to be strongly supported by a comparative 

study of the leaves in the series of plants above treated in detail. As I have 

repeatedly pointed out, the phyllopodium is fundamentally a winged structure 

throughout its length, though the wings are not uniformly developed, and are 

sometimes partially or entirely (Pilularia) suppressed. In the plants of this series 

which have the simplest structure (Hymenophyllacece) the different parts of the 

phyllopodium are not distinguishable : its development is almost uniform throughout. 

In the majority of the Leptosporangiate Ferns their differentiation is but slight, 

though in some forms—for instance, Aspidium Filix-Mas and Onoclea germanica—a 

somewhat distended basal portion may be distinguished from the upper parts of the 

phyllopodium. In Osmunda the distinction of the basal part or hypopodium is more 

marked, the lateral wings being more bulky and extended ; in Todea the winged 

development is not exclusively lateral, but is continued transversely across the face 

of the phyllopodium, so as to form a conspicuous sheath ; but this continuation is 

only formed at a comparatively late stage. In Angiopteris it is present from a very 

early period, and is closely connected with the formation of the “stipules.” By 

means of Todea an explanation is afforded of the probable nature of the stipule in 

Angiopteris. As I have above pointed out, it may with good reason be regarded as an 

advanced modification of that winged conformation, so clearly seen at the base of the leaf 

in other Ferns. A similar explanation will serve also for Ceratozamia and StangeriaA 

In other forms, especially among the Cycadacece, the base of the phyllopodium shows 

* The extension of the stipnlar development transversely across the face of the phyllopoditun is not 

an isolated morphological fact: a similar extension is also to be found in the development of orbicular 

leaves, such as Hydrocotyh, Tropceolum, &c. This has been clearly shown by Goebel (‘ Yergl. Entw.,’ p. 234). 

It will remain for future observations to show how far a similar comparative treatment may be applied 

to the stipules of Dicotyledons. 



LEAF IN THE VASCULAR CRYPTOGAMS AND GYMNOSPERMS. G07 

characters resulting from distention, &c., but the variation from the winged 

structure is less marked ; still in many cases the distinction is apparently accentuated 

by the abortion of the upper parts of the leaf, as in the scale-leaves, in which a 

correspondingly greater lateral extension is found. But this apparent accentuation 

of the difference between the hypopodium and the upper part should not cloud our 

morphological vision; the real nature and origin of the hypopodium remain the same, 

whatever variety there may be in the details of its development in the individual leaf. 

The distinction between the mesopodium and epipodium is never very clearly marked 

in the plants under consideration. Thus, though in these lower forms the differentiation 

of the parts of the phyllopodium is not so complete as in many Angiosperms, there 

may still be traced an increasing clearness of their differentiation on passing from the 

simplest forms upwards. 

A similar comparative study of the series of large-leaved Vascular Cryptogams and 

Gymnosperms shows that progressive changes may be noted in the order- and mode of 

origin of the pinnae on the phyllopodium. In the lower forms of the series the order 

of their appearauce is strictly acropetal, whether their origin be by dichotomy, as in 

the Hymenophyllacece, &c., or by monopodial branching, as in Osmunda, Angiopteris, 

&c. This acropetal order of appearance may be traced as feebly represented in Cycas 

and Dioon among the Cycadacece; but even in these forms there is also a simultaneous 

basipetal order of development of the lower pinnae which is more prevalent in most of 

the genera of the Encephalartece, to the exclusion of the acropetal order of succession : 

thus in Mcicrozamia, Ceratozamia, Zamia, and Encephalartos the order of succession 

of appearance of the pinnae is exclusively basipetal, and since the phyllopodium ceases its 

apical growth after the appearance of the first pinnae, subsequent elongation is due to 

intercalary growth. Such a mode of development is not without its parallel among 

the Angiosperms. Goebel cites, as examples of a basipetal order of development of 

pinnae, the leaves of Myriophyllum, Ceratophyllum, Rosa canina, Potentilla reptans and 

Anserinci, Spircea lobata, &c. ; and he further points out that the order of succession 

is not even constant in one and the same genus, as is seen on comparing Spircea 

Lindleyana, with Spircea lobata (‘ Vergl. Entw./ p. 227). These irregularities in order 

of succession, accompanied by intercalary growth of the phyllopodium in length, may 

further be compared with those examples of similar development cited as occurring 

among the Phceophycece (Goebel, l.c., p. 186). It may be noted that the arrest of the 

apical growth of the phyllopodium, and the tendency to develop the pinnae in a 

basipetal succession, progress simultaneously in our series of large-leaved Vascular 

Cryptogams and Gymnosperms, and it can hardly be doubted that the two phenomena 

are mutually connected. 

In most of the Leptosporangiate Ferns the pinnae arise as more or less flattened 

structures, derived from the marginal series of cells, while some of the neighbouring 

cells also take part in the process : in other words they arise along the lines where the 

wings of the phyllopodium are, or will ultimately be. Though, as was shown by Kny, 
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each pinna does not correspond to one segment of the two-sided apical cell, still the 

pinnae have a definite relation to the apical cell and its segments, each longitudinal 

row of pinnae originating from one of the two series of segments cut off from the two- 

sided apical cell. In the Osmundacece, since there are but two series of pinnae as 

before, but three series of segments of the apical cell, the relations of the former to 

the latter cannot be the same. In this group the two series of pinnae correspond in 

position to two of the angles of the three-sided cell, and the individual pinnae are 

derived partly from tissues originating from the ventral series of segments, partly from 

the dorsal. 

Again, comparing the members of our series, there is to be traced a progressive 

increase in bulk of the individual pinna. In Ceratopteris the young pinna is a thin 

flattened structure : in many Ferns, as Aspidium Filix-Mas, Polypodium vulgar e, &c., 

the first formed pinnae are more bulky, but still a marginal series of cells may easilv 

be seen upon them : in Osmunda not only are the young pinnae more rounded, but 

also no marginal series of cells are to be found on those first formed, while they remain 

young. In Angiopteris and the Cy cad ace a1 the pinnae appear as hemispherical papillae 

of tissue, on which no marginal series of cells are to be found. In all these plants the 

pinnae are formed on the more or less developed wings of the pliyllopodium. There 

is thus a progressive increase in bulk of the pinna in its first stages, which may be 

traced on passing upwards through our series. 

Parallel with the increase in bulk of the pinnae there is also an increase in bulk 

of the wings of the pliyllopodium, pinnae, and pinnules, &c., in those cases where a 

winged development takes place. Thus in the Ilymenophyllacece the wings consist 

for the most part of but a single layer of cells, though in some species they consist of 

more than one (Prantl, Hymenophyllaceen, p. 23), still the structure is in all cases 

very simple. In the majority of Ferns a marginal series of cells can be clearly 

recognised on the young pinnae or pinnules, &c., which give rise by their growth and 

divisions to a wing-structure consisting of but few layers of cells : in Angiopteris no 

such marginal series is apparent, and the whole structure of the wing is more bulky 

and complicated than in the Leptosporangiate Ferns : repeated periclinal divisions 

are found in the superficial cells of the wing during development. In Cycas the 

wings arise to external appearance in a manner not unlike those of Angiopteris, but 

there is between the two this important difference : that the periclinal divisions in the 

superficial cells are entirely absent in Cycas. Thus again in the complexity of the 

structure of the wing a progressive advance is seen on passing upwards through our 

series of large-leaved plants, an advance from a simple structure to that more compli¬ 

cated structure which is characteristic of the higher plants.* 

In the above paragraphs a number of characters have been brought forward, showing 

an almost uniform progress of complexity and differentiation of the vegetative organs, 

* The case of tile genus Todea should be mentioned as exceptional, while Todea barbara has wings 

consisting of about nine layers of cells, Todea swperba has wings with only one or two layers, it thus 
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from the Leptosporangiate Ferns, through the Osmundacece and Marattiacece to the 

Cycadacece, and there is no apparent objection on other grounds to thinking that these 

plants constitute a natural series ; in other words, that they indicate, at least roughly, 

a line of natural descent. If this be so we are confronted by a remarkable fact. It 

has been repeatedly insisted upon that the characters of the vegetative organs of 

Angiopteris approach very closely to those of certain Cycadacece. Yet between the two 

there is all the difference in the reproductive organs between the characteristic free 

prothallus and antherozoid of the Vascular Cryptogams, and the endosperm and pollen- 

tube of the Gymnosperms. This is one of the most striking examples in the vegetable 

kingdom of the non-parallelism in progress of the vegetative and of the reproductive 

organs : here while there is comparatively little progress in the vegetative organs 

from the Marattiacece to the Cycadacece, the sexual reproduction shows that great 

advance from the process characteristic of the vascular Cryptogams to that typical of 

the higher plants. The converse of this non-parallelism is also to be found at a 

different point in the vegetable kingdom, viz. : a persistence of the reproductive 

characters, while a great advance is made in the differentiation of the vegetative organs ; 

for example, between the Muscinece and the Filicinece there is all the difference 

in the differentiation of the vegetative organs of the sporophore, between a cellular 

structure without axis and leaf, and the simplest form of Fern plant; but meanwhile 

the sexual processes remained unaltered, there being no fundamental difference 

between the archegonium and the antherozoid in the Muscinece and the similar 

organs in Me Filicinece. Other examples might be brought forward of ti ns non-paral¬ 

lelism, but the two converse cases named are the most prominent in the vegetable 

kingdom. 

This paper has hitherto dealt for the most part with comparatively large and com¬ 

plicated leaves ; a word must now be said on the leaves of simpler organisation found 

among the Vascular Cryptogams and on the application of the method of treatment 

which I have proposed to them also. Some of the simpler forms of leaf may show little 

preponderance of growth in any given direction; this is the case in Azolla and 

Selaginella. To such leaves the application of the term phyllopodium is obviously 

unnecessary and unsuitable. In other cases the leaf may be of very simple organisa¬ 

tion, but still show a distinct preponderance of growth in a given direction, as in 

Pilularia, Lycopodium, many Coniferce and Gnetacece, and to a slight degree Salvinia. 

Here we may recognise a simple unbranched phyllopodium, which may be winged 

(eg., Gnetum, &c.), or cylindrical (Pilularia), or flattened (Wehvitschia). If such a 

leaf were to show the characteristic differentiation of those parts, we might dis¬ 

tinguish them as the hypo-, meso-, and epi-podium ; thus, for instance, in Isoetes, in 

which, as pointed out by Goebel (Hot. Zeit., 1880, p. 785), the basal part (hypo- 

approaches the Hijmennpliyllacece in this character, though its sporangium is similar to that of other 

Osmundacece. 

4 I MDCCCLXXXT V. 
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podium) is to be distinguished from the upper part of the leaf (epipodium) ;* and 

again in Gnetum Gnemon, where the winged epipodium may be distinguished from the 

mesopodium or petiole, and this is slightly different in conformation from the swollen 

basal portion or hypopodium. Such distinctions are only to be drawn where they are 

warranted by the exigencies of description : Eichleb, asserted that the distinction of 

“ blattgrund ” and “ oberblatt ” is common to the leaves of all Phanerogams ; t such a 

general application is as unnatural and prejudicial as was the general application of 

the spiral theory of leaf-arrangement. 

Finally, there remain those more complicated forms of leaf which are not included 

in the series of large-leaved Vascular Cryptogams and Gymnosperms above described. 

The well-known development of the leaf in Marsilia corresponds in many respects to 

that of the typical leaf in the Ferns ; it may be regarded as a reduced type 

connecting them with the still further reduced members of the Hydropteridece. 

The leaf consists of a phyllopodium bearing four pinnae, of which the lower pair 

are formed by monopodial branching, while the upper pair are described as being 

the result of bifurcation of the apex of the leaf. In Botrychium Lunaria, in which 

the details of arrangement of the meristem, and other points in the development of 

the foliage-leaf are but imperfectly known, there is a well-marked phyllopodium, 

preserving imperfectly the characters of a winged structure. It bears pinnae in two 

longitudinal rows ; the order of their development is stated by Holle (Bot. Zeit., 

1875, p. 274) to be acropetal, and this coincides with my own limited observations. 

In the mode of development, external conformation, and arrangement of the pinnae 

it is not unlike Zamia. The apex of the leaf frequently terminates in an equal pair 

of pinnae, which recalls the similar arrangement in Marsilia, and further the leaf of 

Ginkgo ; but frequently there is a somewhat flattened terminal process, which 

projects beyond the last pinnae ; such forms constitute an instructive series con¬ 

necting a decidedly monopodial branching with cases of apparent dichotomy. In 

Ophioglossum the phyllopodium is not branched, its apical part developing as a 

flattened expansion. In Helminthostachys it is branched, but details of the develop¬ 

ment of the leaf have not yet been published. 

The foregoing pages will have amply shown that the more complicated forms of leaf 

among the Vascular Cryptogams naturally lend themselves, throughout their whole 

length, to a consistent morphological treatment as branch-systems ; while in those 

* Tlie leaf of Isoetes stows intermediate characters between those of Angiopteris and of the Cycadacece. 

There is no apical cell, and apical growth is not strongly defined; pericliual divisions of superficial cells 

are frequent throughout the leaf, from apex to base, but especially on the ventral side ; intercalary growth 

is strongest at first below the ligule, and then diminishes in that part, and extends to the upper part of the 

leaf. These characters as well as others suggest that Isoetes may be a form intermediate between the 

Marattiacece and Cycadacece, in which the vegetative organs have been reduced in structure and external 

form in accordance with its aqueous habit. 

t l.c., p. 7 : “ Zwei Haupt-theile, die alien phanerogamischen Blattern gemeinsam sind.” 
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simple cases where there is growth in a given direction, but no branching occurs, the 

characters of the simple leaf are not unlike those of the phyllopodium as described 

for the more complicated forms. Further, it has been shown that as we rise in the 

scale of the Gy mno sperms, gradual modifications of the characters become apparent; 

for instance : (1) there is a gradual differentiation of the main axis of the leaf (the 

phyllopodium), as a supporting organ, from the members of higher order (pinnae) 

which it bears ; (2) peculiar conformations appear at the base of the phyllopodium, 

such as sheaths, and stipules ; (3) there is an earlier arrest of the continued apical 

growth, and increased prominence of intercalary growth ; (4) there is an increased 

robustness of the several parts, which may be recognised clearly on their first 

appearance. All these characters lead on gradually towards the leaf as it is seen 

in the Angiosperms, and more especially in the Dicotyledons. On these grounds I 

conclude that the leaf in the latter plants should also be treated consistently as a 

simple branch or branch-system, throughout its whole length, however greatly the 

prevalence of intercalary growths in various directions, and at various points, may 

displace and distort the original arrangement of the parts. It has also been shown 

that the modifications at the base of the leaf do not exist, or are hardly to be traced 

in the Leptosporangiate Ferns, and that where they are found in higher forms they 

may be referred to modifications of contour of the fundamental winged structure ; on 

this ground it is concluded that such modifications, however prominent they appear in 

the higher plants, are not of such a fundamental nature as to justify the division of 

the leaf in the first instance into two parts (foliar base and upper leaf), which are, as 

I have above pointed out, not morphologically co-ordinate where a branching of the 

leaf occurs. 

It will be noted that the treatment of the leaf as a simple podium or as a branch- 

system implies a distinction between the wings of a phyllopodium and the pinnce, and 

it may be argued that such a distinction cannot be clearly defined : for instance, the 

wavy margin of the leaf of Ginkgo and of the pinme in species of Zamia : are the pro¬ 

jections in these cases to be regarded as members of higher order ? I can only reply 

to this that difficulties of this nature beset every morphological generalisation, and 

that in my opinion the number of cases in which such difficulties come prominently 

forward is not sufficient to justify the rejection of the system which I have proposed. 

I cannot close this paper without acknowledging how much I am indebted to the 

Director and Assistant Director of the Royal Gardens at Kew, not only for the use of 

the Jodrell Laboratory, but also for the unstinted supply of the rare material which 

alone could make this investigation possible. 

4 i 2 
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Description of Figures. 

PLATE 37. 

Pilularia. 

Fig. 1. Apex of the stem of Pilularia globulifera. ap. Apex. 1, 2, 3-7. The succes¬ 

sive leaves, b-^bq. The successive buds. r3-r6. The corresponding roots. 

X 70. 

Fig. 2. Dorsal side of a similar apex with two young leaves (1-2), and bud b.2 seen 

obliquely. X175. 

Fig. 3. Leaf (l) and corresponding bud (b) of Pilularia. h, h. Hairs. X325. 

Osmunda. 

Fig. 4. Arrangement of cells at the apex of the leaf of Osmunda regalis : the arrows 

show the median plane of the leaf, and point towards the apex of the stem. 

X 175. 

Fig. 5. Apex of the leaf of 0. regalis, with the two last-formed pinnae (p^-ps) i the leaf 

has already assumed the circinate vernation, which accounts for the 

apparently unsymmetrical position of the apical cell. X 130. 

Fig. 6. Osmunda cinnamomea. Apex of the leaf before the first pinnae appear, show¬ 

ing the relation of the wings (w, w) to the segments of the apical cell. X 70. 

Todea. 

Fig. 7. Apex of the leaf of Todea superba, showung the segments of the apical cell 

with their sub-divisions less regular than in Osmunda. X 175. 

Fig. 8. Sections of the leaf of Todea superba. b. Transverse, a, c. Longitudinal and 

median : these illustrate the origin of the wings (tv) at the base. X 20. 

A ngiopteris evecta. 

Fig. 9. Apex of the stem of A. evecta, showing a conical apical cell, with its segments. 

X 175. 

Fig. 10. Young leaf of A. evecta seen from above; ap. is the apex : the arrow points 

towards the apex of the stem. X 20. 

Fig. 11. Father older leaf seen from the ventral side. X 20. 

Fig. 12. Median longitudinal section of the apex of the same leaf of A. evecta as is 

represented in fig. 15. The cells (x, x) are two of the group of four apical 

cells. X175. 
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PLATE 38. 

Fig. 13. Cells at the apex of the leaf of A. evectct, the apical cells marked (x, x). 

X 175. The arrows show approximately the median plane of the leaf. 

Fig. 14. Another example of the above : the arrangement of the cells is less regular. 

Fig. 15. Apex of the leaf of A. evecta, which has begun to form three pinnae. X 10. 

Fig. 16. Apical part of a leaf of A. evecta, which has formed 9 pinnae. The lower of 

these (2 and 3) have already begun to form pinnules. X 5. 

Fig. 17. Leaf of A. evecta with six pinnae. The phyllopodium ends abruptly 

(ap.). X 4. 

Fig. 18. Transverse section of a pinna of A. evecta showing wings (tv, w). X20. 

Fig. 19. One of these wings under higher power. X 175. 

Cycas Seemanni. 

Fig. 20. Endosperm with embryo natural size. 

Fig. 21. Transverse section of cotyledons near the base, showing in one case a median 

bundle, in the other no single median bundle. X 10. 

Fig. 22. Longitudinal median section of the apex of a young seedling. X 20. 

Fig. 23. Similar section of am older plaint. X20. 

Fig. 24. Young leaf, ventral aspect, showing wings continuous from base to apex. 

X 20. 

Fig. 25. Horizontal section of the apex of a plant 12 months old. X 20. 

Fig. 26. Leaf of a young plant, showing the wings (tv) continuous upwards : note 

especially that the pinnae are not in regular succession in respect of size. 

X 20. 

Fig. 27. Leaf showing the pinnae at the middle of the two series most advanced. 

X 20. 

PLATE 39. 

Fig. 28. Similar leaf showing a decided decrease in size of the pinnae in a basipetal 

direction : there was in this case no decided proof of the absence ot an 

acropetal order of development. X 20. 

Fig. 29. Transverse sections (a) of a scale-leaf, (b) of a foliage-leaf. Scl. =sclerenchyma. 

X10. 
Cycas Jenkinsicina. 

Fig. 30. Leaf in which the formation of pinnae has begun, and showing those about 

the middle of the two series as most advanced. X 20. 

Fig. 31. a and b, the lower ends of the series of pinnae on two leaves of different ages. 

X 20. In both cases it is seen that an increase in their distance apart, 

which is due to greater elongation of the phyllopodium, is coincident with 

an arrest of development of the individual pinnae. 
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Dioon eclule. 

Fig. 32. Leaf showing pinnae decreasing successively in size towards both the apex 

and the base. X 20. 

l\Iacrozamia Miqueli. 

Figs. 33-5. Successive stages of development of the leaf, showing the origin of the 

pinnae in basipetal order. X 20. 

Fig. 36. Longitudinal section of a leaf including one lateral row of pinnae, seen from 

the inner side. X 20. 

Fig. 37. Apex of the phyllopodium of a rather older leaf, with three pinnae. X20. 

Enceplialartos Barteri. 

Figs. 38, 39. Successive stages of development of the leaf showing exclusively basipetal 

order of succession of the pinnae. X 20. 

PLATE 40. 

Cei'a tozaniia Mexicana. 

Fig. 40. Young leaf with the basal flaps (stipules) removed: transverse connexion of 

them across the face of the phyllopodium not yet apparent. Basipetal 

order of succession of the pinnae. X20. 

Stangeria paradoxci. 

Figs. 41, 42. Young leaves before the appearance of the pinnae. X 20. 

Fig. 43. Young leaf, ventral aspect : the sheath has been removed. X 20. 

Fig. 44. Apical bud of a young plant, showing the sheathing stipule. X2. 

Fig. 45. Young pinnae. X 20. 

Fig. 46. Ventral aspect of a young leaf, showing two equal pinnae at apex. X 4. 

Gnetum Gnemon. 

Fig. 47. Axillary buds ; the larger one shows a leaf (l) in ventral aspect, with 

acuminate apex. X20. 

Fig. 48. A bud in longitudinal section, which cuts the two leaves through their 

median planes. X20. 

Fig. 49. Leaf in dorsal aspect, 1, 2, 3, 4, the points at which the corresponding 

sections of fig. 50 were cut. X 20. 

Fig. 50. 1, 2, 3, 4, successive transverse sections of the leaf at points 1,2, 3, 4, in the 

preceding figure, showing the relative position and size of tire wings and 

the midrib. X 20. 

Fig. 51. Transverse section through a young wing of the leaf. X 175. 
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Fig. 52. 

Fig. 53. 

Fig. 54. 

Fig. 55. 

Welwitschia mirab ills. 

Longitudinal section of the apex of a seedling about six weeks old, showing 

one plumular leaf in surface view : the depth of the shading in this and 

the next figure is intended to represent the relative intensity of growth, 

and cell-division. X 20. 

Longitudinal section of a seedling about G weeks old, in a direction perpen¬ 

dicular to the planes of the plumular leaves. X 20. 

Transverse sections of successively older plumular leaves. X20. i, ii, iii, 

indicate the bundles of successively formed pairs. 

Ephedra distachya. 

i-iv. Successive transverse sections, from apex to base, of a mature leaf. 

X 20. 
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INTRODUCTION, 

The influence of physical forces, of modes of aggregation and of mass, not only on the 

result, but on the manner of the transformation of one kind of matter into another 

kind—in brief, the conditions of chemical change—present a problem to the chemist 

which only of late years has been submitted to experimental investigation. The 

difficulties besetting this line of inquiry are many, but the greatest of them is the 

difficulty of finding a reaction that is simple in kind, that takes place between bodies 

which can be prepared in great purity, and that yields products which can be exactly 

measured. Several methods of investigation have been pursued. The course of a gradual 

change between two bodies has been followed step by step, either by measuring 

the amount of residue still remaining undecomposed after successive equal inter¬ 

vals of time, or by measuring the time required for the successive formation of equal 

quantities of one of the products of the reaction. Such was the method employed by 

Berthelot, who measured the rate of etherification of an alcohol by an acid, and 

by Harcourt and Esson, who measured the rate of decomposition of hydric 

peroxide by hydric iodide. Unluckily but few of the reactions, which occur slowly 

enough for such investigation, appear to be of a simple nature; examination reveals 

the fact that, in most cases, the change from the initial substances to the Anal product 

does not take place in one stage, but is a complex reaction brought about by the 

successive formation and decomposition of intermediate compounds at rates which 

severally vary with the conditions of the experiment. 

Another method of investigation is that of comparing the rates of two opposite 

changes taking place simultaneously in a homogeneous mixture. When two bodies 

enter into double decomposition to form two new bodies which are themselves capable, 

under the conditions of the experiment, of re-forming the original substances by a 

reverse change, a mixture of the four bodies is produced, and an equilibrium is finally 

established when the rate of decomposition of one pair of the reacting bodies is exactly 
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equalled by the rate of decomposition of the other pair. Were it possible to measure 

accurately the quantities of four reacting bodies which preserve such an equilibrium, 

the precise relative rate of the two changes would be obtained. But in most cases it 

is impossible to make accurate measurements of one of the constituents of a mixture 

without separating it from the others, and tints disturbing the equilibrium ; so that 

some indirect method of measurement becomes necessary in experiments of this nature. 

Changes of colour, of temperature, of volume, of magnetic and optical properties, have 

afforded indirect methods of measuring the amount of particular bodies present in such 

a mixture without separating the constituents. By these means measurements of 

the rate of chemical change have been made by Gladstone, Thomsen, Ostwald, 

Guldberg and Waage, and other chemists. 

Again, when one body is presented to two others which are in excess, with each of 

which it is capable of uniting to form a stable compound, it divides itself between the 

two in proportions depending upon the relative rates at which the two reactions take 

place. Measurements of the masses of the reacting substances present at the begin¬ 

ning of the experiment and of the products finally formed give data for calculating the 

relative rates of the two changes. The incomplete combustion of a mixture of 

hydrogen and carbonic oxide by a small quantity of oxygen seemed to present a case 

of this kind suitable for investigation. The gases could easily be prepared in a pure 

state ; the measurement, explosion, and subsequent analysis could be readily performed 

in a eudiometer. By the study of this reaction, Bunsen, with the refined apparatus 

devised by himself for the manipulation of gases, made the first attempt to elucidate 

the laws of chemical change. His experiments form the starting-point of several long 

series of observations by E. von Meyer, Horstmann, and other chemists, and led me 

to make a careful investigation of the conditions which affect the chemical changes 

occurring during the explosion of these gases. An account of this investigation, 

carried on during several years, I venture to bring before the Royal Society, in the 

belief that the results obtained clear up some discrepancies between the observations 

of previous workers, and prove that, under the simplest conditions, the division of the 

oxygen is determined by the reciprocal reaction of two pairs of gaseous bodies, forming 

a system in mobile equilibrium capable of exact expression by a simple formula. 

Henry’s experiments. 

The first experiments on the incomplete combustion of hydrogen and carbonic oxide 

were made by Henry. In a memoir printed in these Transactions (1824), Henry 

compared the action of the electric spark and of platinum sponge on mixtures 

of carbonic oxide and electrolytic gas. He discovered the fact that the lower the 

temperature at which the reaction occurs the greater is the proportion of carbonic acid 

produced. 

He writes: “ I made numerous experiments to ascertain whether the oxygen, under 

4 k 2 
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these circumstances of slow combustion, is divided between the carbonic oxide and 

the hydrogen in proportions corresponding to the volumes of those two gases. The 

combustible gases being in equal volumes, and the oxygen sufficient to saturate only 

one of them, it was found that the oxygen which had united with the carbonic oxide 

was to that which had combined with the hydrogen as about 5 to 1 in volume. 

Increasing the carbonic oxide, a still larger proportion of oxygen was expended in 

forming carbonic acid. On the contrary, when the hydrogen was increased, a greater 

proportional quantity of oxygen went to the formation of water. 

“ But a similar distribution of oxygen between carbonic oxide and hydrogen does 

not take place when those three gases are fired together by the electric spark. This 

will appear from the following table, in which the three first columns show the 

quantities of gases that were fired, and the two last the quantities of oxygen that 

were found to have united with the carbonic oxide and with the hydrogen. 

Table I. 

Before firing. After firing. 

CO. H. O. Oxygen to 00. Oxygen to ET. 

Experiment 1 40 40 20 0 14 

,, 2 . . 40 20 20 12 8 

„ 3 . . 20 40 20 5 15 

“ When equal volumes of carbonic oxide and hydrogen gases, mixed with oxygen 

sufficient to saturate only one of them, were exposed in a glass tube to the flame of a 

spirit lamp, without the presence of the sponge, till the tube began to soften, the 

combination of the gases was effected without explosion, and was merely indicated 

by a diminution of volume, and an oscillatory motion of the mercury in the tube. 

At the close of the experiment, out of twenty volumes of oxygen, eight were found 

to have united with the carbonic oxide, and twelve with the hydrogen, proportions 

which do not materially differ from the results of the first experiment in the fore¬ 

going table. At high temperatures, then, the attraction of hydrogen for oxygen 

appears to exceed that of carbonic oxide for oxygen : at lower temperatures, - 

especially when the gases are in contact with the platinum sponge, the reverse 

takes place, and the affinity of carbonic oxide for oxygen prevails.” 

Bunsen’s experiments. 

Bunsen thus states the problem :—* 

“ The proportion in which one body divides itself between two others—present in 

large excess over it—does not depend merely on the relative strength of their 

* Bunsen, ‘Ann. Cliem. Phavm.,’ 85, 137. 
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chemical attraction, but also on the relative quantities of them present. If a and b 

represent the masses of two bodies A and B capable of combining with C to form 

compounds AC and BC, and if x and y represent the affinities of A and B for C 

respectively, then the proportion of the compound AC formed to the compound BC 

formed will be expressed by the equation 

AC_ax 

BC ~by 

“ It follows from this that any alteration in the mass of either A or B will cause a 

corresponding alteration in the proportion of the compounds AC and BC formed.” 

This Law of Mass, commonly attributed to Berthollet, was tested by Bunsen 

in the following way :—* 

He exploded in a eudiometer different mixtures of carbonic oxide and hydrogen 

with a quantity of oxygen insufficient to completely burn them. In the explosion a 

portion of the carbonic oxide was burnt to carbonic acid, and a portion of the 

hydrogen was burnt to steam. If the above law of mass held good, the relative 

quantities of carbonic acid and steam formed would alter in a regular manner with 

the relative quantities of carbonic oxide and hydrogen taken. Partly owing to the 

paucity of his experiments, and partly owing to an undetected source of error, 

Bunsen wrongly concluded that the law of mass was modified in a particular way by 

the tendency of the atoms to form simple hydrates of carbonic acid. “ This catalytic 

action which the excess of molecules present, taking no part in the decomposition, 

exert upon the combining molecules is seen in a most remarkable manner in the 

volumetric relation between the products formed by the combustion, and brings to 

light a singular law which appears to be of fundamental importance in the mode of 

action of affinity. If the particles a in a homogeneous gaseous mixture have the 

choice of combination between the particles b and c of two other gases present in 

excess, a certain equilibrium ensues between the attractions of all the particles, so 

that the compounds (a + b) and (a + c), formed by the union of a with b and c, 

stand in a simple relation to one another, dependent on the amount of the particles 

remaining uncombined, and undergoing discontinuous alteration on gradual increase 

of these particles.” 

Bunsen’s experiments, made by exploding electrolytic gas with varying proportions 

of carbonic oxide, gave numbers, representing the relation between the carbonic acid 

and steam formed, which almost exactly corresponded with the six most simple 

hydrates of carbonic acid. In his first paper he showed that a variation of pressure 

from 317 millims. of mercury to 726 millims. did not materially alter the proportion 

in which the oxygen divided itself, and that the same result was obtained whether 

the explosion was made in the sunlight or in the dark. In the first edition of the 

* Bunsen, ‘ Gasometry,’ 1857. 
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‘ Gasometrische Metlioden,’ published in 1857, some further experiments were added, 

which are included in the following table :—* 

Table II.—Bunsen’s Experiments. 

No. oE 
experi¬ 
ment. 

Gases present before explosion. Oxygen divides itself, 
Ralio of carbonic acid to 
aq. vapour in the hydrates 

of carbonic acid. 
Temp. C. Pressure. 

Oxygen. Hydrogen. Carbonic 
oxide. 

To 
carbonic 

oxide. 

To 
bydrcgen. 

1 22-3 
Millims. 

734 100 200 794 67 33 • 2CO„ H,0 - - 67 : 33. 

2 3-3 453 100 200 595 50 50 CO,, H,0 - - 50 : 50. 

3 22-5 395 100 200 449 49 51 

4 47 381 100 200 295 34 66 C02, 2R,0 - - 33 : 67. 

5 22-6 723 100 200 147 25 75 CO,, 3H,0 - - 25 : 75. 

6 2-6 352 100 200 119 24 76 

7 23 344 100 200 81 19 81 CO„ 4H,0 - - 20 : 80. 

8 22-0 720 100 370 315 20 80 

9 7'0 321 100 200 74 17 83 CO,, 5H,0 - - 17 : 83. 

These experiments remained without confirmation until 1874, when E. von 

Meyer published a paper on the “Incomplete Combustion of Gases,” + in which 

he pointed out that when mixtures of carbonic oxide and hydrogen were exploded 

with progressively increasing quantities of oxygen, the proportion in which the oxygen 

divided itself altered per saltum, and that this proportion might ahvays be expressed 

by whole numbers. 

v. Meyer regarded his experiments as confirming Bunsen’s law, but as Horstmann 

subsequently pointed out, the whole numbers, expressing the ratios between the 

amounts of carbonic acid and steam formed, were in some cases so large that the 

difference between one such whole number and the next above or below it, fell within 

the limits of experimental error. The ratio of the volume of steam formed per unit 

volume of hydrogen present to the volume of carbonic acid formed per unit volume 

of carbonic oxide present, was called by v. Meyer the coefficient of affinity of 

hydrogen for oxygen compared with that of carbonic oxide for oxygen. Taking the 

affinity of carbonic oxide for oxygen as the unit, the coefficient for hydrogen and 

oxygen is given by the equation 

HoO CO, 

This “ coefficient of affinity ” according to v. Meyer is not a constant, but varies per 

saltum within small limits on account of the discontinuous alteration in the proportion 

of carbonic oxide and hydrogen burnt. It is greatest when the quantity of oxygen 

* This table is affected by two or three small errors of calculation, which bring the numbers, 
expressing the ratio of carbonic acid to steam formed, nearer to the theoretical numbers than they 
should be. These errors are corrected in the second edition of Bunsen’s * Gasometrische Mcthoden.’ 

\ ‘ Journal fiir praktischc Chemie ’ (2), 10, 273. 
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used is as small as possible, and the mixture therefore approaches the limit of inflam¬ 

mability. As the quantity of oxygen is increased, he says, the proportion of steam 

to carbonic acid produced must necessarily approximate to the proportion in which 

the hydrogen and carbonic oxide are originally present, although this proportion is 

never actually reached, because, when the oxygen is nearly sufficient for complete 

combustion, the hydrogen is all burnt while some carbonic oxide remains unoxidized. 

The true coefficient of affinity, according to v. Meyer, is that obtained with the 

minimum quantity of oxygen. 

There is an obvious objection to this use of the term “coefficient of affinity.” The 

smallest proportion of oxygen used by v. Meyer was that which was just necessary 

to produce an explosion. He gives no proof that, if this proportion were diminished 

still further, the ratio of carbonic acid to steam produced would be unaltered. The limit 

of inflammability is not necessarily the limit of the exercise of chemical affinity. If 

we assume that oxygen unites with the excess of carbonic oxide and hydrogen accord¬ 

ing to the equations— 
2C0 + 03=2C03 

2H3+03 = 2H30 

then the divison of the oxygen between the carbonic oxide and the hydrogen depends 

on the rate at which oxygen unites with carbonic oxide, and the rate at which it unites 

with hydrogen, under the conditions existing at each moment from the beginning of 

the change until the last molecule of oxygen is broken up. These conditions change 

at each moment (without reference to the changes of temperature and pressure), since 

the carbonic oxide and the hydrogen are attacked at unequal rates, and therefore the 

proportions of carbonic oxide and hydrogen remaining unconsumed vary continually 

during the combustion. In this case, the final division of the oxygen represents the 

sum or net result of its dividing itself between the two combustible gases in a series 

of different ratios during a series of successive moments. Its division would represent 

the actual ratio of two constant rates only if one of two conditions were fulfilled. 

First, if the ratio of the combustible gases in the original mixture were the same as the 

ratio of carbonic acid and steam formed ; or, secondly, if the proportion of oxygen were 

so small that the subtraction, by combustion, of the corresponding quantities of the 

combustible gases would not materially alter their ratio. The first condition can only 

be fulfilled by burning all the combustible gases. The second involves the measure¬ 

ments of such small quantities that the errors of experiment become important. 

Practically, the limit of inflammability of the mixture imposes an inferior limit to the 

reduction of the quantity of oxygen which prevents the second condition being 

fulfilled. 

The effect produced by the presence of an inert gas, nitrogen, which takes no part 

in the chemical action, on the division of the oxygen between the two combustible 

gases was also studied by v. Meyer. He found that on addition of nitrogen the 
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coefficient of affinity was altered, more carbonic oxide and less hydrogen being burnt. 

When similar mixtures were exploded in tubes of different diameter, v. Meyer in 

most cases found that the coefficient of affinity was altered. In a large tube of 20 

millims. diameter more carbonic oxide and less hydrogen were burnt than in narrower 

tubes of 12-5 millims. and 5'5 millims. diameter. With one mixture, however, v. 

Meyer found no alteration of the coefficient whether the explosion was made in the 

largest tube or the smallest. This change of affinity he attributed to the increased 

friction of the gases in the narrower tubes, which he says always tends to increase the 

relative affinity of hydrogen for oxygen. In most cases this increase of affinity is 

sufficient, according to v. Meyer, to cause a leap in the proportion of hydrogen to 

carbonic oxide burnt, but in a few cases, where the equilibrium is more stable, this 

increase of affinity does not suffice to alter the ratio of the gases burnt. 

In the summer of 1876, at the suggestion of Mr. Vernon Harcourt, I began 

experiments in the Christ Church laboratory to test the truth of Bunsen’s law. 

I was ignorant at the time of the paper Horstmann had published in a local journal" 

at Heidelberg in the spring of the same year. 

Description of the apparatus. 

The apparatus employed in the earlier experiments detailed in this paper was 

devised by Professor McLeod and erected by him in the Lee’s laboratory at Christ 

Church, Oxford. The construction of this instrument is too well known to require 

description. 

The later experiments were made in the laboratory of Balliol College with an 

apparatus devised by Professor F. D. Brown for measuring the tensions of saline 

solutions. The only alterations I found necessary to make were (1) the substitution 

of a eudiometer (with a bent capillary tube and steel cap) in place of the shorter 

tension-tube, (2) the adjustment of a movable shelf to two of the iron uprights to 

hold a mercury trough for the laboratory tube. 

A general view of this instrument and details of the connections are given in 

Plates 41 and 42. 

The framework of the instrument is very strongly constructed of iron, screwed up 

firmly together. The jacket surrounding the eudiometer is of copper, with a wooden 

casing. The jacket has a door near the bottom, and a movable plate at the top, both 

made of gun-metal. The windows are of plate glass. The liquid employed in the. 

jacket is water for temperatures below 100°, and a mixture of glycerin and water for 

higher temperatures. A screw-stirrer is made to revolve in the liquid. In an 

annular pipe, outside the jacket, and opening into it near the top and bottom, the 

liquid is heated and a continuous circulation maintained. Two thermometers 

graduated to tenths of degrees are placed at different heights in the jacket. The 

mean of their readings is taken as the temperature of the gas in the eudiometer. 

The barometer tube is surrounded with a water-jacket. An enlargement at the top 

* Verb, des Heidelb. naturf. med. Vei’eins, N.S., I., 3. 
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diminishes the error due to residual air. The heights of the mercury in the eudio¬ 

meter and barometer are read off by a cathetometer. The whole apparatus stands on 

a stone floor in a cellar underground. 

The platinum wires are sealed into the eudiometer close to the shoulder, and are 

passed through two small glass prominences, over each of which an india-rubber tube 

surrounding the wire is stretched so as to prevent contact between tire wire and the 

water in the jacket. By this device a spark can be passed between the wires without 

lowering the water in the jacket. The lower ends of the eudiometer and barometer 

are not contracted. They are fastened gas-tight into steel blocks by a collar and nut 

compressing three or four india-rubber rings. The details of these junctions and of 

the 3-way steel cock are given in the diagrams (Plate 42.) By this arrangement the 

eudiometer and barometer can easily be removed and cleaned out with a long brush. 

I have found the steel caps joining the eudiometer and laboratory tube to answer 

their purpose most admirably. In eight years’ work I have never known an experi¬ 

ment to be lost on account of any failure of this joint. 

The readings of the instrument are made by artificial light. On the further side of 

the jacket a screen, half of translucent paper and half of black paper, with their line of 

demarcation horizontal, was made to slide up and down close to the window. 

Behind this screen and moving with it an argand burner, connected by a flexible 

tube with the gas supply, is adjusted ; with this artificial illumination more concordant 

readings are obtained than with variable daylight, and the experiments can be carried 

on at all hours. 

Repetition of Bunsen’s experiment. 

I commenced by repeating Bunsen’s experiments with carbonic oxide and electro¬ 

lytic gas. The gases were exploded over mercury in a wet eudiometer, and the 

calculations made according to the directions in Bunsen’s “ Gasometry.” In the 

following table the results of this first series of experiments are given side by side 

with Bunsen’s results, and expressed in a similar manner for the purpose of com¬ 

parison. The explosions were made under pressures varying from 200 to 300 millims. 

of mercury, and between the temperatures of 15° and 17° C. 

4 L MDCCCLXXX1V. 
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Table III.—Experiments with Carbonic Oxide and Electrolytic Gas in a 

Wet Eudiometer. 

X 

Number. 

Dixon’s experiments. Bunsen’s experiments. 

Number. 

100 volumes of the combustible 
gases contain 

Ratio of 
carbonic acid to 

water formed 

100 volumes of the combustible 
gases coutain 

Ratio of 
carbonic acid to 

water formed 

CO Ho 
C03 
Hod 

CO Ho 
CO, 

HU 

i 80-3 19-7 2-83 
79-9 20-1 2-04 i 

2 79-5 20-5 2-65 
3 79-3 20-7 2-03 
4 79-2 20-8 226 
5 78-7 21-3 2-34 
6 75-7 243 162 
7 75-3 24-7 1-46 

74-2 25-8 •89 2 
8 736 26-4 1-40 
9 71-4 28-6 1-07 

10 70-2 29-8 1-08 
11 69-2 30-8 1-00 692 30-8 •95 3 
12 69- L 30-9 1-00 
13 60-2 39-8 •62 

59-6 40-4 •51 4 
14 48'2 51-8 *44 
15 46-8 53-2 •39 
16 46'6 53-4 •39 46-5 53-5 •34 5 
17 45-8 54-2 •39 

37-4 62-6 •29 6 
18 28-3 71-7 •22 28-8 71-2 •24 / 

27-0 73-0 ■20 8 

These experiments gave no indication of any sudden change in the proportion of 

carbonic oxide and hydrogen burnt. They neither agreed well with Bunsen’s results, 

nor were they concordant one with another. In the first five experiments the pro¬ 

portion of carbonic oxide to hydrogen taken was nearly the same as in Bunsen’s first 

experiment, but the ratio of carbonic acid to steam formed varied from 2'8 to 2. In 

the 9th, 10th, 1 Lth, and 12th experiments the proportion of carbonic acid to hydro-- 

gen taken was nearly the same as in Bunsen’s 3rd experiment; the results were 

concordant and agreed with Bunsen’s. Between these two sets, according to 

Bunsen, the sudden change from 2:1 to 1:1 occurs. Experiments 6, 7, and 8, inter¬ 

mediate between these two sets, gave intermediate ratios for the carbonic acid and 

water formed. Experiment 13 did not agree with Bunsen’s 4th, nor Experiments 

15, 16, and 17 with Bunsen’s 5th. 

These discrepancies, greater than could be accounted for by any error of manipulation, 

led to a more minute examination of the conditions affecting' the chemical change. 
o o 
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The re-action between carbonic oxide and oxygen. 

In the first place the question presented itself—Is the action between a small 

quantity of oxygen and an excess of combustible gases always complete, or is it 

possible that a certain number of oxygen molecules may during the moment of 

explosion remain in equilibrium between the attractions of the other molecules around 

them and so remain uncombined \ 

To solve this question a mixture of carbonic oxide with one-third its volume of 

oxygen was fired in a wet eudiometer at 15° C. and under a pressure of 300 millims. 

Carbonic oxide 75 volumes. 

Oxygen. . ■ • 25 „ 

Before explosion . . , i00 „ 

After explosion . 75'9 ,, Contraction = 24*1 

After absorption . 25*1 „ Absorption = 50"8. 

The contraction on explosion was found to be less than the original volume of 

oxygen by '9 volume, and the absorption was found to be more than double the original 

volume of oxygen by '8 volume. Since more carbonic acid was produced than could 

have been formed by the oxygen taken, it was evident that the carbonic oxide must 

have been oxidized to some extent by the steam present in the eudiometer. Now for 

every molecule of cai’bonic oxide so oxidized, a molecule of free hydrogen must be 

liberated, and the place of the decomposed molecule of steam would be filled by the 

volatilization of a molecule of water from the sides of the tube. In this experiment 

the oxygen, if completely consumed, would oxidize 50 volumes of carbonic oxide to 

carbonic acid, but since 50’8 volumes of carbonic acid were formed, "8 volume of 

carbonic oxide must have been oxidized by the steam. This reduction of ‘8 volume of 

steam, producing an equal volume of hydrogen, would make the contraction on explo¬ 

sion ‘8 volume less than it would have been had no such secondary action taken place. 

The observed contraction agreed with this. A repetition of the experiment gave a 

similar result. 

Volume of carbonic oxide = 

„ oxygen = 

Total volume before explosion = 

„ after explosion = 

„ after absorption = 

73-24 

26-76 

100 

74"02 Contraction = 25 '98. 

19"70 Absorption = 54*32. 

Here the volume of carbonic acid formed is more than twice the volume of oxygen 

taken by -8 volume, and the contraction on explosion is less than the volume of oxygen 
4 l 2 
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taken by '78 volume. By an analysis of the residual gases the liberated hydrogen 

was directly estimated, and its volume and was found to be exactly 78 volume. 

Volume of residual gases = 1970 

,, On addition of oxygen = 51*12 

x „ After explosion = 40‘49 

„ After absorption = 21‘58 

CO = 18*91 

IB = | {10-63 - 1^1} 

= *78 

It was evident from these experiments that the results obtained with carbonic oxide 

and electrolytic gas were affected by the presence of the aqueous vapour. Since at the 

temperature reached in the explosion the excess of carbonic oxide reacts with the 

steam, forming carbonic acid and liberating hydrogen, the presence of aqueous vapour 

appears to increase the affinity of carbonic oxide for oxygen and diminish that of 

hydrogen. Such an effect is exactly the opposite of that produced by adding carbonic 

acid to the mixture before explosion. Bunsen- showed in his first paper that when an 

excess of hydrogen is exploded with oxygen in presence of some carbonic acid, some of 

the latter is reduced by the excess of heated hydrogen to carbonic oxide. Thus the 

previous addition of aqueous vapour, one of the products of the reaction, alters the 

apparent division of the oxygen, just as the previous addition of carbonic acid, the other 

product of the reaction, alters it in an opposite direction. This fact accounts in part 

for the discrepancies observed in comparing my experiments with Bunsen’s, for while 

my explosions were made at an initial temperature varying between 15° C. and 17° C., 

Bunsen made one set of explosions between 22° C. and 23° C., and the other set between 

2° C. and 5° 0., so that very different quantities of aqueous vapour were present in the 

different experiments. In order, therefore, to make the experiments a real test of the 

law of mass, it was necessary to perform the explosions with dry gases in a dry 

eudiometer. 

Before proceeding to repeat the experiments with dry carbonic oxide and electro¬ 

lytic gas, another attempt was made to determine whether, in a dry eudiometer, 

oxygen is completely burnt when exploded with a large excess of carbonic oxide. 

This experiment led to the important discovery that dry carbonic oxide and oxygen do 

not combine when submitted to the electric spark. A mixture containing 3 volumes 

of carbonic oxide to 1 of oxygen was brought over into the dried eudiometer, and a 

spark from a Leyden-jar was passed through it without causing explosion. A little 

more oxygen was added, and the spark again passed without result. 

A fresh charge of the carbonic oxide, prepared from recrystallized oxalic acid, was 

next brought into the dried eudiometer and mixed with an excess of oxygen. The 

following numbers taken from my laboratory note-book are the measurements made 

in this experiment with McLeod’s form of gas analysis apparatus. 

2nd contraction = 10‘63 

2nd absorption = 18-91 
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Dry vacuum . 
[Wet vacuum 

On adding carbonic oxide 
On adding oxygen . 

] ine in 
eudiometer. Barometer. Temp. C. Difference. 

millims. mill'ms. 
5 586-2 14-13 12-0 
5 548-2] Table 12’0 

Aq. tens. = 0"0 
5 663-7 1416 
5 905-3 14-18 

Tbis mixture would not explode when sparks were passed through it. 

On adding carbonic oxide 991A 12-4 

This mixture would not explode when sparks were passed through it. 

A second sample was then brought into the eudiometer 

Line in 
eudiometer. Barometer. Temperature. Difference. 

Dry vacuum. 5 
millims. 
537'0 13°4 

millims. 
11-2 

On adding- carbonic oxide . 5 696-2 13-45 
Table 11-4 

On adding oxygen .... 5 910-9 13-0 

This mixture would not explode. It was then passed into the laboratory tube and 

allowed to stand for a few seconds over a drop of water. On returning it to the 

eudiometer, and again sending a spark through, the mixture exploded. 

Since it had been already shown that carbonic oxide is oxidized by steam at a high 

temperature, it seemed possible that carbonic oxide is incapable of direct union with 

oxygen, but is burnt indirectly by steam with liberation of hydrogen. The steam 

would act as a carrier of oxygen to the carbonic oxide by a process of alternate 

oxidation and reduction, somewhat analogous to that undergone by nitric oxide in the 

sulphuric acid chamber. I have made many experiments to test this hypothesis, both 

on account of the interest attaching to such a “ catalytic ” decomposition among the 

simplest gaseous bodies, and of its important bearing on the mode of division of the 

oxygen between the hydrogen and carbonic oxide in incomplete combustions of these 

gases. 

The carbonic oxide used in these experiments was prepared by gently heating re- 

crystallized sodic formate with concentrated sulphuric acid in a glass flask. The gas 

was passed (1) through a wash-bottle containing a strong solution of potash, (2) through 

a wash-bottle containing concentrated sulphuric acid, (3) through a U-tube containing 

fragments of solid caustic potash, and (4) through a (J-t.ube containing frag- 
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ments of pumice saturated with concentrated sulphuric acid. It was collected 

over mercury in glass cylinders which had been heated and filled while hot with hot 

mercury. On exploding 100 volumes of the gas in a wet eudiometer with 156*3 

volumes of oxygen a contraction of 50'17 volumes was observed, and on treating the 

residual gases with potash a further contraction of 100'00 volumes was observed. 

The oxygen was prepared by heating re-crystallized potassium chlorate in a piece of 

combustion tubing drawn out and bent, so that the drawn out end formed a delivery 

tube which dipped under the surface of mercury. On exploding 100 volumes of the 

gas with excess of hydrogen a contraction of 300'02 volumes was observed. 

The following experiments were conducted in McLeod’s form of gas analysis apparatus. 

A mixture of the two gases in the proportion of 2 volumes carbonic oxide to 1 

volume oxygen was kept in a glass cylinder over mercury in contact with a stick of 

potash. The apparatus, after dried air had been drawn through all its parts for twelve 

hours, was charged with hot mercury, and then specially dried in the following 

manner. The water in the glass jacket surrounding the eudiometer and barometer was 

kept for some hours at a temperature of 90°-95° C., while air, drawn through a nearly 

horizontal drying tube containing sulphuric acid, was passed by means of a bent glass 

tube dipping under the surface of the mercury in the trough, through the laboratory tube, 

eudiometer and barometer, to tire top of which an aspirator was attached. The mercury 

from the reservoir was run up several times into the hot tubes, so as to transfer to 

the glass any traces of moisture it might carry with it, and more dry air was drawn 

through the tubes after the mercury had been returned to the reservoir. By reversing 

the inclination of the sulphuric acid drying tube, the air in the eudiometer was expelled 

through it without disconnecting the laboratory tube. Finally the bent tube was 

removed, the air in the laboratory tube drawn over into the eudiometer, and the former, 

when completely filled with mercury, closed by its stopcock, The laboratory tube and 

eudiometer were then disconnected, the air in the latter expelled by running up 

the mercury until drops issued from the steel cap, when the stopcock was turned and 

the laboratory tube connected up again. The mixture of carbonic oxide and oxygen, 

prepared as above, was transferred from the glass cylinder to the laboratory tube, 

and thence was drawn into the eudiometer and placed under a pressure of 250 millims. 

of mercury, at a temperature of 17° C. On passing a spark from aLeyden-jar through 

the gases they did not ignite. Several powerful sparks were passed without result, 

and then the rapid succession of sparks from a Ruhmkoiiff’s coil was employed. At 

the first discharge the gases ignited and burnt slowly down the tube. The eudiometer 

was then further dried by drawing through it at 100° C. air which had been passed 

through two horizontal drying tubes freshly chai'ged with sulphuric acid. Some of the 

mixture used in the last experiment was passed into the eudiometer, and put under a 

pressure of 100 millims. (temp. 17°‘2 C.). Sparks from the Buhmkorff coil were passed 

through it without igniting it. The gases were tested under 150 millims. pressure 

with the same result. Under 200 millims. the gases did not ignite when a continuous 
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succession of sparks was passed, but the platinum wires became red hot, showing that 

some local action was produced. Under 250 millims. pressure the gases ignited on 

passing the spark. The disc of flame took about three seconds to travel down the 

half-metre of tube filled with the mixture. Some of the same mixture, standing in 

the laboratory tube, was charged with aqueous vapour by passing a drop of water to the 

surface of the mercury. It was drawn over into the vacuous eudiometer and put under 

150 millims. pressure. On passing a spark from the coil the gases exploded suddenly 

down the tube. The passage of the flame was too quick to be followed by the eye. 

Into a small straight eudiometer, heated and filled while hot with hot mercury, 

some of the same gaseous mixture was passed up. A little phosphoric oxide [powder] 

was then introduced into the tube, which was shaken so that the oxide adhered to 

the sides of the glass. The gases were left standing in the tube for an hour. A spark 

from a Ley den-jar was then passed between the platinum wires without effecting the 

ignition of the gases. The gases were under a pressure of 700 millims. Several powerful 

sparks were passed without any result. A discharge from the coil ignited the gases. 

This experiment was repeated with the following modifications. Into the gaseous 

mixture in the small eudiometer was passed up a stick of phosphoric oxide, made by 

pressing the powder into a short glass tube closed at one end with a cork. To pass up 

this stick, the glass tube was depressed under the end of the eudiometer, the cork 

removed, and the phosphoric oxide pushed up by a glass rod. The gases were allowed 

to stand for two days in contact with the phosphoric oxide, the eudiometer being 

clamped down on to a caoutchouc cushion under mercury. On passing a spark from 

a Leyden-jar, no combustion took place. The pressure was 700 millims. The first 

discharge from the coil caused a very slight combustion near the wires. On loosening 

the clamp the mercury rose about 2 millims. in the tube. No further combination took 

place on passing a succession of sparks from the coil. A little water was then 

introduced by a pipette. The heat evolved on contact of the oxide with the water 

caused the mixture to explode with a bright and sudden flash. 

It appears from these experiments that the greater the degree of dryness reached, 

the greater pressure the gases can withstand without entering into explosive com¬ 

bination when an electric spark is passed through them. 

An attempt was next made to dry the gases and tubes more thoroughly. A 

mixture of the two gases in the same proportions, and prepared in the same way, was 

placed in a glass gasholder over concentrated sulphuric acid. The explosion tubes, 

each drawn out at one end, and fitted at the other with a caoutchouc stopper and glass 

tube, were joined together by short pieces of india-rubber tubing. They were then 

strongly heated, while air, previously dried by passing through a horizontal sulphuric 

acid tube, was aspirated through them. When cool, the stopper of each was removed, 

a plug of freshly-packed phosphoric oxide quickly pushed in, and the stopper immediately 

replaced. The tubes were then drawn out near the stoppered end in the blow-pipe 

flame. They were then reconnected by short pieces of tubing. Between the gasholder 
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and the first explosion tube a drying tube packed with phosphoric oxide was placed; 

the last explosion tube was connected with a delivery tube, opening under strong 

sulphuric acid in a wash-bottle. The mixture of gases was then forced through the 

tubes, and when about a litre had been allowed to escape from the wash-bottle, the 

counterpoise of the gasholder was so adjusted that the pressure in the tubes was a 

little less than the pressure of the atmosphere. A fine Bunsen flame was then brought 

to bear upon the capillary portions of the tubes until the sides fell in under the 

external pressure, whereupon the glass was melted and drawn out. This operation 

was found to be far from easy ; more than half the tubes so charged were fired during 

the sealing, owing to the contact of the insufficiently dried gases with the heated 

glass. I tried in vain to seal up damp tubes filled with the same mixture; the 

gases always exploded when the fine glass tubes got red hot. About half the 

samples of carbonic oxide and oxygen sealed up with phosphoric oxide were 

unaffected when a succession of sparks from a coil was passed through them a few 

hours afterwards.'" The other half ignited after the discharge had been passing for a 

few seconds. In some cases this appeared to be due to'some phosphoric oxide having 

been shaken on to the platinum wires, which gave off moisture when heated by the 

discharge. In other cases, I believe, the ignition was due to the platinum wires 

themselves, when heated by the discharge, giving up occluded hydrogen, which uniting 

with the oxygen present supplied the steam necessary for the combustion. 

An easier method of drying the gases was next adopted with complete success. A 

glass tube about 600 millims. long was closed at one end, and at a point 100 millims. from 

the open end it was bent at an angle of 60°. Near the closed end two long and thick 

platinum wires, ending in balls of platinum about 2 millims. in diameter, were fused 

through the glass. Between these balls sparks could be passed from a jar or a coil 

without appreciably raising their temperature. The bent tube was heated and filled 

with hot mercury. The mixture of carbonic oxide and oxygen was then introduced from 

the gasholder by a fine glass tube passing down through the mercury in the shorter 

arm. When the longer arm was nearly filled with the mixture, a freshly packed 

stick of phosphoric oxide was introduced into the gases, and the open end closed with 

a caoutchouc stopper. The mixture of gases was thus separated from the ah' by some 

six or eight inches of mercury and the caoutchouc stopper. After standing for twenty- 

four hours, the mixture was unaffected by a torrent of sparks from a powerful coil. In 

one of these tubes I have submitted the gases to a pressure of 800 millims., and passed 

a discharge without igniting them. On passing up some water through the mercury 

by a pipette and allowing the vapour to diffuse, the mixture was rendered explosive. 

* Four of these tubes were exhibited before the Chemical Section of the British Association at Swansea 

in 1880. When tested with sparks from a Leyden-jar no action was observed; with a discharge from the 

coil the wires became red-hot, but the gases did not explode. 

I gratefully acknowledge the valuable help given me by Mr. S. E. Miller, laboratory assistant at 

Christ Church, in charging these tubes. 
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Dr. Botsch* in a dissertation read at Tubingen has denied the fact (briefly 

announced by me in 1880) that the absence of steam prevents the combination of 

carbonic oxide and oxygen by the spark. He states that he has repeated the experi¬ 

ment, and the mixture exploded, “ even when dried by phosphoric oxide.” He found 

that by sufficiently reducing the pressure he could prevent the propagation of the 

explosion, both in the wet and dry gases. He suggests as an explanation of my results 

that the dry gases were tested under a less pressure than the wet gases. From the 

detailed account I have given above, it is evident that Dr. Botsch’s explanation does 

not account for the facts observed. I conclude that he failed to obtain the same result 

by not leaving the mixture long enough in contact with dry phosphoric oxide. I may 

add that during the last two years, several of my pupils have repeated the experiment 

in the Balliol College laboratory, so that the fact of the non-inflammability of the dry 

gases when submitted to an electric spark under ordinary pressure and temperature, 

may fairly be considered beyond the possibility of doubt. 

Experiments have already been described in which the addition of water to a non¬ 

explosive mixture of carbonic oxide and oxygen has rendered it explosive. Into one 

of the explosion tubes above described a piece of potash (previously fused and heated 

to redness in a silver boat, and allowed to cool in a desiccator) was introduced. It 

was fused to the glass at the top of the tube above the platinum wires. The phos¬ 

phoric oxide was then introduced, the tube was drawn out to a capillary end 

in the blowpipe and charged with the mixture. It was then sealed up in the flame 

and allowed to stand. After two days the gases were tested with a succession of 

sparks without exploding. The potash was then gently warmed by applying a 

Bunsen flame to the top of the tube. On passing a spark, a flame passed up from 

the platinum wires to the top of the tube. After standing an hour it was again 

tested with a spark. No explosion took place. On heating the potash rather 

strongly and passing another spark a flame passed up from the platinum wires to 

the top of the tube, and downwards about half the length of the tube. After the 

tube had stood about two hours longer, a third flame was produced on reheating 

the potash and passing a spark. 

To try what effect the admixture of small quantities of different gases had on the 

determination of the explosion, some of the mixture of carbonic oxide and oxygen 

previously used was brought over into the eudiometer of McLeod’s apparatus, which 

had been dried at 100° C. Under 300 millims. pressure the mixture did not explode on 

passing through it a succession of sparks. A little carbonic acid gas, dried over 

phosphoric oxide, was introduced. The spark was passed without causing an explosion. 

A fresh charge of carbonic oxide and oxygen was brought into the eudiometer, and a 

small quantity of cyanogen, dried over phosphoric oxide, introduced. The spark did 

not cause an explosion under 300 millims. pressure. A fresh portion of the same 

mixture, with a small quantity of dry air, was tested under the same pressure with 

* Liebig’s Annalen, 1882. 

4 M MDCCCLXXXIV. 
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the same result. Similarly, small quantities of dry nitrous oxide and dry carbon 

bisulphide were found not to render the mixture inflammable. A small quantity of 

hydrogen dried over phosphoric oxide, occupying about g-^o of the total volume of the 

gases, was next introduced into a fresh portion of the dry mixture. On passing a 

spark under 300 millims. pressure, the gases ignited and burnt rather slowly down the 

tube* After the apparatus had been re-dried some of the same mixture of carbonic 

oxide and oxygen was introduced into the laboratory tube, and a portion of it was 

drawn over into the eudiometer and tested by a spark under 300 millims. pressure, 

without ignition. A drop of ether was then passed up into the laboratory tube ; a 

very small quantity of the mixed gases, charged with ether vapour, was drawn over 

into the eudiometer. After the gases had been allowed to interdiffuse for an hour, 

the passage of the spark caused an explosion under 250 millims. pressure. Similarly 

a trace of the vapour of the hydrocarbon pentane rendered the mixture explosive. In 

the same way I have found that both a trace of dry hydric chloride gas and a trace of 

dry sulphuretted hydrogen gas render a non-inflammable mixture of carbonic oxide 

and oxygen explosive. 

From these experiments it appears that the non-explosive mixture of carbonic oxide 

and oxygen is rendered explosive not only by the presence of a trace of steam, but 

by traces of other bodies containing hydrogen which react with oxygen to produce 

steam. Nitrogen, cyanogen, nitrous oxide, carbon bisulphide, and carbonic acid do 

not confer inflammability on the mixture. To test the effect of the presence of steam 

on other gaseous mixtures, I made some comparative experiments on dry and wet 

mixtures of hydrogen and oxygen obtained by the electrolysis of dilute sulphuric acid. 

Into the carefully dried eudiometer of McLeod’s apparatus a mixture of equal volumes 

of air and electrolytic gas, which had been standing for some days over phosphoric 

oxide, was introduced. Beginning at 20 millims., the pressure was increased 

5 millims. at a time until the gases exploded. The dry mixture did not explode under 

70 millims.; it did explode under 75 millims. The residue was run out and a fresh 

portion of the same mixture introduced into the damp tube. Beginning at 20 millims., 

the pressure was increased by 5 millims. at a time until the gases exploded. The 

clamp mixture did not explode under 70 millims. ; it did explode under 75 millims.''' 

The union of oxygen and hydrogen is therefore not affected by the presence or absence 

of water. On the other hand, a mixture of cyanogen with ten volumes of air, which 

had stood over phosphoric oxide, did not explode when the pressure was raised step by 

step from 100 millims. to 800 millims. in the dry eudiometer. On addition of aqueous 

vapour the mixture did not explode under 300 millims., but did explode under 305 

millims. I am inclined to think that cyanogen undergoes oxidation in the same way 

as carbonic oxide, through the medium of steam. 

* Note added Dec., 1884.—Lothar Meyer and K. Seubert (Jonrn. Cliem. Soc., Oct., 1884) find that 

electrolytic gas is only partially burnt when a spark from a IvUUMkokff coil is passed through 

it under a pressure of 70’5 millims. ; at 72 millims. pressure the combustion is complete. 
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Mention has been made of the slowness with which the flame travels down the 

explosion tube when a mixture of carbonic oxide and oxygen in a state of comparative 

dryness is ignited. To obtain some idea of the rate of propagation of explosion under 

these conditions, some of the mixture of carbonic oxide and oxygen was brought into 

the well-dried eudiometer of the gas apparatus. A loud-beating seconds’ pendulum 

was set going close by, and a spark sent from the coil as a second struck. By 

watching at the level of the mercury below and listening to the beats of the pen¬ 

dulum, the passage of the flame could be roughly timed. Beginning at 260 millims., 

the pressure was raised 20 millims. between each passage of the spark. The gases 

withstood 480 millims. pressure without igniting; at 500 millims. pressure they 

ignited. The flame was timed to pass down the 360 millims. between the wires and 

the surface of the mercury in 2^ seconds. The eudiometer was re-charged, a drop of 

water passed over and the gases fired under 500 millims. pressure. The passage of 

the flame appeared instantaneous. 

An attempt was made to measure the effect of different quantities of steam on the 

rate of propagation of the explosion. This was done by comparing the pressures 

produced in the tube when equal masses of carbonic oxide and oxygen were succes¬ 

sively exploded, at the same temperature and pressure with different amounts of 

aqueous vapour. Since the total quantity of heat evolved in each explosion was the 

same, and the cooling surface was the same in each experiment, a quicker explosion 

would bring the column of gases to a higher average temperature than a slower 

explosion, and would therefore cause a sharper push on the mercury column. If a 

sufficiently sensitive gauge were attached to the eudiometer, its readings would give 

comparative indications of the rate of explosion of the carbonic oxide and oxygen. 

Near the bottom of the eudiometer in which the gases were exploded, a self-registering 

pressure gauge was attached by a strong glass tube. The gauge (of 1 millim. bore) 

contained air in the closed limb over mercury. An index, similar to those used in 

Six’s thermometer, was carried up and left at the highest position reached by the 

mercury. Near the bend of the gauge two bulbs were blown in the tube as reservoirs, 

enabling the mercury to be lowered in the eudiometer without permitting the air to 

escape from the closed limb of the gauge. This gauge was found to be not very sen¬ 

sitive, but the difference between its readings (1) with the slow combustion of the 

nearly dry gases, and (2) with the rapid explosion of the gases saturated with steam, 

was well marked. 

In two experiments a trace only of aqueous vapour was present. The eudiometer 

was dried at 80° C., by drawing through it for half an hour air which had passed 

through two long sulphuric-acid drying tubes and a small tube containing phosphoric 

oxide. It was found that by this method of drying just sufficient aqueous vapour 

remained in the tube to enable the combustion to take place slowly when sparks from 

a Buhmkorff’s coil were passed through the gases. In the first experiment several 

sparks were passed before the gases took fire. In both experiments the disc of flame 
4 m 2 



636 MR. H. B. DIXON ON CONDITIONS OF CHEMICAL CHANGE 

occupied about two seconds in passing down the length of 500 millims. occupied by the 

gases in the eudiometer. In three other experiments measured quantities of aqueous 

vapour wTere added short of saturation ; in the last two experiments the aqueous 

vapour was at maximum tension, and the sides of the eudiometer were wet. Before 

each explosion the mercury in the gauge was brought to the mark 229 on the scale, 

which indicated a pressure of 533 millims. of mercury on the air in the closed limb. 

The following table gives the quantities of aqueous vapour in each experiment, the 

readings of the pressure gauge, and the pressures corresponding to those readings. 

Table IV.—Pressures produced by the explosion of carbonic oxide and oxygen with 

varying quantities of steam. 

No. 
Tension of 

carbonic oxide 
and oxygen. 

Tension of 
aqueous vapour. 

Reading of 
pressure gauge 

before explosion. 

Reading of 
pressure gauge 
after explosion. 

Increase of 
pressure 

registered in 
gauge. 

Temperature of 
gases. 

Length of 
column of 

gases exploded. 

millims. millims. millims. ° c. 

1 200 Trace 229 236 29 33 500 
2 

•) 5 Trace 236-2 30 33-2 500 
3 87 249-2 87 33 505 
4 9-4 249-6 89 33-5 505 
5 55 15 249-4 88 34 514 
6 5 5 38 252-6 105 33-3 524 
7 55 40 55 252-6 105 34 525 

These experiments show very plainly the increased rapidity of the propagation of 

the explosion produced by the addition of steam to the mixture of carbonic oxide and 

oxygen. With the exception of the 5th experiment the pressures registered mount 

up regularly with the increase of aqueous tension in the eudiometer. 

During the last three years several most interesting and ingeniously devised series 

of experiments have been brought before the French Academy of Sciences by MM. 

Berthelot and Vieille, and by MM. Mallard and Le Chatelier on the velocity of 

explosion of gases. They have shown the velocity to be far in excess of the rates 

previously assigned. The old determinations of Bunsen gave for the velocity of 

explosion of electrolytic gas 34 metres per second, and for carbonic oxide and oxygen 

1 metre per second. These numbers must be multiplied a thousandfold. MM. 

Berthelot and Vieille * have shown that the explosion of any particular mixture of 

gases in a tube begins slowly, increases in velocity, and finally gives rise to an “ ex¬ 

plosive wave,” which is propagated at a uniform rate. This rate is independent of the 

pressure and the diameter of the tube, but varies when different explosive mixtures 

are used. The experiments were made on different explosive mixtures in a tube 

40 metres long. They found the velocity of the explosive wave to be a close 

approximation to the mean velocity of translation of the molecules in the gaseous 

products of combustion calculated from the formula of Clausius. 

* Comptes Rendus, xcv., 151, 
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v=29-354 

where r is the absolute temperature, calculated on the assumption that the molecules 

contain all the heat disengaged in. the reaction, and a is the mean density of the gases 

remaining after combustion. 

The rate of explosion and the calculated velocity of the gaseous molecules agree 

fairly well in the case of hydrogen and the simpler hydrocarbons exploded with 

oxygen. For instance, they find the velocity of explosion of electrolytic gas to be 

2810 metres per second, the “theoretical velocity” being 2831 metres per second. 

But with carbonic oxide the velocity observed is only 1090 metres per second, the 

calculated velocity being 1940. This gas they consider, therefore, to be an exception 

to the general rule. When, however, a mixture of carbonic oxide and hydrogen is 

exploded with oxygen, they find the observed velocity of explosion to approximate to 

the calculated velocity, and explain the fact by supposing the hydrogen to com¬ 

municate to the carbonic oxide a law of detonation analogous to its own. With 

mixtures of carbonic oxide and nitrous oxide, a similar divergence between the cal¬ 

culated and observed velocities of explosion is found, whereas with hydrogen and 

other gases containing hydrogen, exploded with nitrous oxide, there is a very close 

agreement between the observed and calculated velocities. Berthelot and Vieille 

dried the explosion tube before each experiment, and employed dry gases. In their 

experiments with hydrogen and oxygen they found that the rate of the explosive 

wave was independent of the material of the tube, and of its diameter above 5 millims. 

The velocity was the same whether the tube was curved or straight. The maximum 

velocity was attained only after the explosion had travelled between 50 and 500 

millims. from the spark. The “variable state” preceding the regime of the explosive 

wave differed according to the strength of the spark employed to fire the mixture. 

The velocity of explosion was determined by making the flame break two thin strips 

of tin, stretched across the explosion tube near either end, each strip forming part 

of one of the circuits of a Boulenge chronograph. A grain of fulminate was folded 

in the strips to ensure their being broken by the flame. Berthelot and Vieille 

have published no experiments oil the duration of the variable state preceding the 

establishment of the explosive wave with carbonic oxide and oxygen. 

Measurement of the initial velocity of explosion of carbonic oxide and oxygen. 

To determine directly the initial velocity of explosion of carbonic oxide and oxygen 

from the point of ignition, with varying quantities of aqueous vapour, the following 

apparatus was employed :— 

A is a brass pipe of 13 millims. internal diameter soldered into a metal trough, so that 

each end projected a short distance from the end of the trough. To one end of the brass 

tube the firing piece B was cemented. This consisted of a short thick glass tube in 

which were sealed two platinum wires connected with the secondary coil of a large 
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Ruhmkorff, and of a short brass tube and tap for admitting the gases. To the other 

end of the brass pipe was screwed the cap C containing the metallic bridge to be broken 

by the explosion : this consisted of a thin strip of silver foil soldered with fusible 

metal on to two insulated brass pieces let into two vulcanite plugs, one on each side of 

the cap. The silver strip was sufficiently thick to convey the current of one Grove 

cell without becoming heated. No fulminate or other explosive was employed. The 

silver strip was invariably broken by the flame. The distance from the platinum wires 

to the silver bridge was 1 '049 metre. In the circuit, of which the silver strip formed 

a portion, a chronograph was inserted. This consisted of two small electromagnets 

which, when the current was flowing, held down a style against a spring. The chrono- 

Arrangement of Explosion Tube. 

Plan of cap C. Section of cap C. 

graph was adjusted so that the end of the style pressed lightly against the blackened 

surface of a glass plate carried by a heavy pendulum. The pendulum, at the lowest 

point of its swing, overturned a brass upright moving on a horizontal axis, and so broke 

the primary coil of the Ruhmkorff, inducing a direct current in the secondary coil.' 

This induced current caused a spark between the platinum wires which fired the explo¬ 

sive mixture. Until the explosion reached the silver foil the style continued to 

describe an arc of a circle on the moving blackened plate. When the silver was 

broken, the style, released from the magnet, sprang upwards, marking the moment of 

interruption. To correct for the error due to the retardation of the chronograph a 

blank experiment was always made immediately before firing the mixture. The wires 

of the chronograph were attached to the break of the primary coil of the Ruhmkorff, 

so that the circuit was completed through this break instead of through the silver foil. 
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On allowing the pendulum to fall the style registered a mark on the moving plate 

when the circuit was broken. Without moving the chronograph the wires were 

readjusted, and the explosion made. The distance between the two marks on the 

blackened plate gave the time which elapsed between the breaking of the primary coil 

of the Buhmkorff and the rupture of the silver foil by the explosion, independently 

of the error of the chronograph; for the position of both marks was affected 

equally by the retardation of the electro-magnet. The rate of the pendulum, and 

therefore the interval of time corresponding to the two marks, was determined by 

taking the trace of a standard tuning fork on the blackened plate allowed to fall from 

the same height. By filling the trough with water and heating it with two argand 

burners, the explosion tube could be kept at any desired temperature. 

Three sets of experiments were made, one at 10° C., the second at 35° C., and the 

third at 60° C. The mixture of gases, containing two volumes of carbonic oxide to one 

volume of oxygen, was contained in a copper holder over water. After the explosion tube 

had been dried by heating and drawing through it for some hours air which had passed 

through three long tubes containing pumice saturated with oil of vitriol, the mixture 

of carbonic oxide and oxygen was driven slowly into the tube, (1) through two 

sulphuric acid drying tubes, and (2) through two long tubes containing anhydrous 

phosphoric acid. When two or three litres of the mixture had been driven through 

the tube, the stopcocks at both ends were closed and the mixture fired at a tempera¬ 

ture of 10° and under the atmospheric pressure. The interval between the spark and 

the rupture of the silver foil was found to be '0291 second, giving a mean velocity of 

36 metres per second. The tube was then heated to 35° by means of warm water in 

the trough, and some more of the same mixture was driven in through the same 

drying tubes. The gases fired at 35° had a mean velocity of explosion of 69 metres 

per second. On recharging the drying tubes with fresh phosphoric acid and. repeat¬ 

ing the experiment at 35° the mean velocity of explosion was found to be 44 metres 

per second. With the same drying tubes as in the last experiment the mean velocity 

at 60° was found to be 53 metres per second. 

When the mixture was made to bubble through two sulphuric acid wash-bottles 

only, a far higher velocity was obtained. At 10° C. the mean velocity was found to be 

119 metres, at 35° C. 103 metres and 102 metres, and at 60° C. 120 metres per second. 

When the mixture was exploded at 10° C. and saturated with steam at that 

temperature a mean velocity of 175 metres was reached. At 10°C., therefore, the 

velocity of explosion of carbonic oxide and oxygen under atmospheric pressure is 

greatest when it is saturated with steam. At 35° C. a similar result was found. 

In three successive experiments the mixture was driven into the warm tube through 

a wash-bottle containing water at 6°, 8°, and 12° C. respectively. The velocity of 

explosion increased with the quantity of steam present. When saturated with steam 

at 35° C. the mixture gave a velocity of 225 metres per second. When the tube was 

heated to 60° C., and the mixture driven in over water at different temperatures, the 
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velocity of explosion increased with, the quantity of steam added. When the mixture 

was saturated with steam at 60° C. the mean velocity was 317 metres per second. 

The following table gives the results of these experiments :— 

Table V.—Mean rate of explosion of carbonic oxide and oxygen through one 

metre with different quantities of aqueous vapour under atmospheric pressure. 

Exploded at 10° C. Exploded at 35° C. Exploded at 60° C. 

Rate in Rate in Rate in 
Hygrometric state. metres per Hygrometric state. metres per Hygrometric state. metres per 

second. second. second. 

Dried bj passing slowly 36 Dried by passing slowly 44 Dried by passing slowly 53 
over fresh P205 over fresh P205 over P„05 used before 

Dried by passing slowly 69 
over P205 used before 

Dried by bubbling 119 Dried by bubbling 102 Dried by bubbling 120 
through two bottles through two bottles through two bottles 

of H2S04 of H,S04 of H.,S04 

99 >? 103 

Saturated at 6° . . 129 

99 99 ... 123 

Saturated at 8° . 155 Saturated at 8° . . 158 

99 99 ... 166 
Saturated at 10° . . 175 

99 99 ... 176 

Saturated at 12° . 200 Saturated at 12° . . . 211 

Saturated at 35°. 225 Saturated at 35°. . . 244 

99 99 ... 226 

Saturated at 50° . . . 289 

Saturated at 60° . . . 317 

In each series of experiments the initial velocity of explosion of a mixture of 

carbonic oxide and oxygen is seen to increase with successive additions of steam. 

It is this initial velocity with which we have to deal in experiments with an ordinary' 

eudiometer. When a mixture composed of two volumes of carbonic oxide and one 

volume of oxygen, saturated wdth steam at 10°, is exploded under atmospheric 

pressure, the velocity of the explosion increases rapidly from the point of inflam¬ 

mation. In a tube of 13 millims. diameter and 55 metres long the rate of explosion 

is found to be constant after travelling 700 millims. along the tube ; the constant 

velocity of the “ explosive wave ” attained under these conditions being rather 

over 1500 metres per second. At the extremely high temperature accompanying 

the explosive wave, carbonic oxide is possibly decomposed ; after the explosion the 
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tube is found coated with a very fine layer of carbon. Whether under these con¬ 

ditions steam is necessary for the propagation of the explosive wave is doubtful, 

it is possible that the initial reaction between the carbonic oxide, steam, and 

oxygen increasing in velocity as the flame travels down the tube, produces at last 

a temperature at which a new reaction is determined. But such conditions do 

not occur in the partial burning of the comparatively short columns of gases that 

have been employed in researches on the incomplete combustion of gases. 

The result of these various experiments may be thus summarised :— 

1. The drier the mixture of carbonic oxide and oxygen, the greater the pressure 

it can withstand without igniting when a spark is passed through it. 

2. The addition of a trace of aqueous vapour to the non-inflammable mixture 

causes it to become inflammable, all other conditions remaining the same. 

3. The addition of a ti’ace of hydrogen or of a volatile body containing hydrogen 

causes the dry mixture to become inflammable, all other conditions remaining the 

same. 

4. The rapidity of explosion of the mixture in a tube one metre long is greater 

with a large quantity of aqueous vapour than when only a trace is present. 

These well-established facts, coupled with the fact that carbonic oxide does de¬ 

compose steam at a high temperature, appear to me to show conclusively that in 

the ordinary explosion of carbonic oxide and oxygen, the union is not a direct one, 

but is effected indirectly by the agency of hydrogen. 

In a paper on the alkaline peroxides,* the late Sir B. Brodje has thus described 

such an indirect action :—“ The alkaline peroxides have a double function, and can 

be used as agents either of oxidation or of reduction. By certain modifications 

of the conditions of the experiment, we can produce separately either result. It is 

not unreasonable to suppose that, among the numerous and varied forms of chemical 

decomposition, instances would be found in which these phenomena would occur 

simultaneously. If this were to be the case the result would be what is termed 

a contact or catalytic decomposition, but caused by two successive changes of a 

normal chemical character.” 

The action of steam in determining the union of oxygen with carbonic oxide is of 

this kind ; that is to say, when carbonic oxide and oxygen are exploded in a eudio¬ 

meter, the heat of the spark causes the carbonic oxide in its immediate neighbourhood 

to decompose the steam usually present, and the hydrogen, liberated by this reaction, 

unites with the oxygen to re-form steam. The steam so formed reacts with more 

carbonic oxide, and so the alternate changes go on until all the carbonic oxide is 

oxidized according to the two equations 

CO + ICO = C02 + 2H 
2Ho+ Oo = 2H,0. 

MDCCCLXX XIV. 

* Phil. Trans., 1860. 

4 N 
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The ignition of a mixture of hydrogen and oxygen and of other explosive mixtures by 

an electric spark, may be stopped either by sufficient rarefaction or sufficient dilution 

with a neutral gas such as carbonic acid or nitrogen. Probably, in the first case, the 

mean distance of the molecules is increased to such an extent that the necessary 

molecular disturbance cannot be communicated from molecule to molecule, and the 

combustion is confined to the space between the platinum wires; in the second case, 

the neutral gas both increases the mean distance of the reacting molecules, and also 

decreases the temperature by absorption of heat. In the reaction under consideration 

—viz., in a mixture of two volumes of carbonic oxide and one of oxygen—although a 

single molecule of water should suffice theoretically for the oxidation of any number of 

carbonic oxide molecules, it is evident that the explosion cannot be propagated unless 

a certain minimum number of steam molecules are present. For when the mean 

distance between the water molecules reaches a certain magnitude, each molecule of 

water becomes surrounded by a crowd of carbonic acid molecules, the product of its 

action on the carbonic oxide and oxygen under the influence of the electric spark ; and 

the incipient combustion dies out, because fresh molecules of carbonic oxide and 

oxygen do not come in contact with it while it has still enough kinetic energy to react 

with them. The slow rate of propagation of explosion in a nearly dry mixture is also 

readily explained. The carbonic oxide molecules have to wait their turn. Though 

probably an enormous number of steam molecules are present in the tube, yet since 

they are comparatively very few, each one must do duty a vast number of times. 

Each steam molecule must in turn present an atom of oxygen to as many molecules 

of carbonic oxide as the number of times the volume of carbonic oxide exceeds the 

volume of the steam. Since each reduction and each oxidation of the oxygen-carrier 

takes time, a given number of carbonic oxide molecules takes longer to burn in presence 

of a comparatively small than in presence of a comparatively large number of steam 

molecules. 

Explosion of dry carbonic oxide and electrolytic gas. 

Having determined the action of aqueous vapour on carbonic oxide at high tem¬ 

peratures, I began in Nov., 1876, a second series of experiments with dry carbonic 

oxide and electrolytic gas in a well dried eudiometer. After each explosion the 

residual gas was analysed. Only those experiments were accepted in which the 

residual analysis confirmed the first part of the operation. The gases were exploded 

under pressures varying between 200 millims. and 300 millims., and at temperatures 

between 6C and 11°. The following table gives the composition of the mixtures and 

the ratio between the carbonic oxide and hydrogen burnt in the several explosions. 



IN GASES : HYDROGEN, CARBONIC OXIDE, AND OXYGEN. G43 

Table VL-—Explosion of dry carbonic oxide and electrolytic gas. 

No. 

Combustible gases cont tin in 100 vols. Ratio of carbonic 
acid to water formed 

C02 

~ H_0 Carbonic oxide. Hydrogen. 

1 83-7 16-3 2-07 
2 81-8 18-2 1-77 
3 80-8 19-2 1-62 
4 78-1 21-9 1 29 
5 77-6 22-4 1-27 
6 77-4 22 6 1-31 
7 75-8 24-2 1-08 
8 75-5 24-5 105 
9 734 26-6 •97 

10 72-6 27-4 1-00 
11 69-3 30-7 •74 
12 68-9 3M •73 
13 667 33-3 •74 
14 

• 

53-5 46-5 •42 

While I was making these experiments I heard that Professor Horstmann, of 

Heidelberg, bad already published a paper'"' in which he ha.d shown that Bunsen’s 

results were vitiated through his having exploded the gases in a eudiometer saturated 

with aqueous vapour. Horstmann had repeated Bunsen’s experiments using a dry 

eudiometer. With all mixtures he found less carbonic oxide and more hydrogen burnt 

than Bunsen found with similar mixtures. He then made a series with a wet eudio¬ 

meter and found that when water was present more carbonic oxide and less hydrogen 

was burnt than when the gases were dry. He concluded rightly that some of the 

steam already present was reduced during the explosion by the excess of carbonic 

oxide. He then showed, by making comparative experiments with and without the 

previous addition of carbonic acid, that a similar action takes place between the 

carbonic acid added and the excess of hydrogen. With mixtures of carbonic oxide 

and electrolytic gas, less carbonic oxide and more hydrogen is burnt when carbonic 

acid is added to the mixture before explosion. 

In these experiments Horstmann proved conclusively that the alteration in the 

proportion of carbonic oxide and hydrogen burnt took place gradually and not 

per scdtum. To compare Horstmann’s results with mine, I have interpolated from the 

curve given in his paper the ratios of carbonic acid to water formed by explosion of 

mixtures of similar composition to mine. These ratios I found to be always smaller 

than those I had obtained. In the last column of the table I have compared in a 

similar way the new set of experiments given by Bunsen* in the second edition of his 

“ Gasometry.” This series was made with dry gases which were exploded by a chain of 

sparks simultaneously sent through the length of the eudiometer. By fusing short 

* Verh. ctes Heidelb. naturf. med. Vereins, N.S., I., 3. 

t Gasometrisclie Methoden, llte. Auflage. 1877. 

4 N 2 
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pieces of platinum wire into small glass beads, Bunsen constructed a chain of alternate 

links of metal and glass, each piece of platinum being insulated from its neighbours bv 

a glass bead round which the spark passed when the two ends of the chain were 

connected with an electrical machine. This chain was fastened to two platinum wires 

fused through the glass near the top and bottom of the eudiometer. The object of 

this mode of ignition was to prevent the formation of an “ air-wave ” down the tube 

and the consequent compression of the still unburnt gases by the expansion of the 

burning gases above. The results obtained in this way by Bunsen agree well with 

those obtained by Horstmann. My experiments show a greater proportion of carbonic 

oxide burnt in every case. 

Table VII.—Explosion of dry carbonic oxide and electrolytic gas. 

No. 

Combustible gases contain in 
100 vols. 

1 

Ratio of carbonic acid to water formed =k!h 
H;0 

Carbonic oxide. Hydrogen. Dixon. 

1 

Horstmann. 
Bunsen. 

(new experiments.) 

1 837 163 2-07 

2 81-8 18-2 177 1-52 

3 80-8 19-2 1-62 1-43 

4 781 21-9 1-29 174 115 

5 77-6 22-4 1-27 1-09 172 

6 777 22-6 1-31 1-08 171 

7 75'8 24-2 1-08 •95 1-01 

8 75'5 24-5 1-05 •94 •99 

9 73-4 26-6 •97 •88 •89 

10 72-6 27-4 1-00 •81 •84 

11 69-3 307 74 70 74 

12 68-9 311 73 •69 *73 

13 667 33'3 74 •63 70 

14 53'5 46-5 ■42 •41 

The chief differences in the condition of the gases in the three series of experiments 

tabulated above lay in the initial pressure under which they were exploded, and in the 

length of the path traversed by the flame from the point of ignition. In my experi¬ 

ments the pressures were between 200 millims. and 300 millims.; in Horstmann’s 

experiments the pressures were between 360 millims. and 480 millims.; and in Bunsen’s 

between 600 millims. and 650 millims. To determine what difference, if any, is pro¬ 

duced in the division of the oxygen by a variation of (1) the initial pressure, and (2) 

the length of the column of gases along which the explosion is propagated, a 

fresh series of experiments was begun in the autumn of J 877. 
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Experiments on the influence of initial pressure and of the length of the column of the 

gases on the division of the oxygen. 

In the first experiment a mixture of carbonic oxide and electrolytic gas, containing 

70 parts of carbonic oxide to 30 of hydrogen, was exploded in two portions, the first 

under 120 millims. pressure and the second under 400 millims. pressure. In the first 

portion the ratio of carbonic acid to steam produced was 1 '2, and in the second portion 

■8. A nearly similar mixture was divided into three portions. The first, exploded 

C O 
under 100 millims. pressure, gave 1’24 for the ratio 2 > ^le second, exploded under the 

Xl.vd 

same pressure, but only forming a column half as long as the first portion, gave 1‘06 

C O. 
for the ratio rj—r ; the third, forming a column equal to the first, but exploded under 

HqU 

225 millims. pressure, gave ’85 for the ratio. 

A set of experiments Avas then made with different portions of the same mixture 

under nearly constant conditions of temperature and pressure, but with variations in 

the length of the column of exploded gases. 

In these and all the subsequent experiments the following method of drying the 

apparatus, charging the eudiometer and calculating the results, was adopted. The 

whole apparatus being emptied of mercury, air was drawn for twelve hours by a pump 

attached to the top of the barometer, through two long horizontal drying tubes 

charged with oil of vitriol, through a bent tube passing under the mercury in the trough 

and opening into the laboratory tube, thence through the capillary connecting tubes 

down the eudiometer and up the barometer. The taps at the top of the barometer 

and at the bottom of the eudiometer were then closed and the drying tubes were 

attached to the mercury reservoir. Dry air was then drawn for some hours through 

the reservoir and long connecting tube, and up the barometer. The mouth of the 

reservoir being closed, the drying tubes were again connected with the laboratory tube, 

and dry air was drawn through the eudiometer and barometer while the water in the 

jacket surrounding them Avas heated to 90°-100° C. After some time the tap at the 

top of the barometer was closed and hot mercury poured into the reservoir. By raising 

the reservoir the hot air in the eudiometer and barometer was expelled. The reservoir 

was lowered until the eudiometer and barometer Avere empty. As the mercury ran 

down, bubbles of air always rose from the sides of the tubes and from the lower tube 

connected Avith the reservoir. The lower stopcock being closed the air remaining in 

the laboratory tube was allowed to pass over into the eudiometer, the laboratory tube 

being thus completely filled with dry mercury. The mercury was again run up to the 

top of the eudiometer and barometer and the air expelled, and once more the mercury 

was run down to extract bubbles of air sticking to the glass. On again running up 

the mercury and letting it overflow from the barometer and eudiometer all traces of 

air were got rid of. The hot water in the jacket Avas then replaced by a constant 
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current of cold water from the main, running into the cylinder near the bottom and 

being siphoned off at the top. In the experiments made at ordinary temperatures a 

drop of water was drawn into the top of the barometer and the space thus saturated 

with aqueous vapour, while the eudiometer remained dry. On lowering the mercury 

in the two tubes, the level stood lower in the barometer than in the eudiometer by the 

difference of aqueous tension in the two tubes. By comparing this difference with the 

values given in PtEGNAULTS table for the aqueous tension at the particular temperature 

observed, the dryness of the eudiometer was verified. 

The carbonic oxide was prepared from magnesium formate by the action of sulphuric 

acid. It was passed through a small wash-bottle containing a strong solution of potash, 

thence through a U-tube containing fragments of caustic potash, and collected over 

hot mercury in cylinders of glass containing phosphoric oxide. As I found that a 

trace of air was always introduced with the sticks of compressed oxide, I allowed the 

gas to stand some time in each cylinder with the oxide, and then poured it away hv 

inclining the tube under the surface of mercury, leaving the stick of oxide hi the tube. 

The tubes were then filled with the gas used in the experiments, and were used over 

and over again for collecting the gas without being recharged with phosphoric oxide. 

The hydrogen was prepared by the electrolysis of dilute sulphuric acid, an amalgam of 

zinc and mercury being employed for the positive electrode. The gas was collected 

and dried in the same way as the carbonic oxide. The oxygen was prepared by 

heating re-crystallised and well-dried potassic chlorate in a bent tube dipping under 

mercury. The oxygen and the electrolytic gas were collected over mercury and dried 

in the same way. 

After the explosion of the gases and the absorption of carbonic acid formed, the 

residue was exploded with an excess of oxygen, and the contraction on explosion and 

subsequent treatment with potash observed. The two portions of the experiment 

together made a complete analysis of the original mixture, which served to control the 

result of each part of the experiment. In calculating the results, the measurement of 

the gases originally taken and the analysis of the residual mixture were taken to give 

an independent determination of the quantity of each gas burnt in the first explosion, 

and the mean of these two determinations was taken as the correct number. 

The following table contains the results of the experiments made to test the effect 

of varying the length of the column of gases exploded:— 

Composition of Mixture. 

Carbonic oxide 

Hydrogen 

Oxygen 

100-00 

67-10 

21-91 

11-09 
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Table VIII. 

*Reference 
number. 

Length of column. 
„ . CO, 

Eatl° H,0 
Temperature. Pressure. 

millims. ° C. 

1 200 117 10-5 210 
2 300 117 07 210 
3 300 1-19 111 210 
4 400 1-21 10-5 210 
5 400 1-21 11-1 210 
6 600 1-24 10-3 210 
7 800 1-32 10-3 200 
8 400 1-33 85- 200 

In this set of experiments the proportion of carbonic oxide burnt gradually 

increases as the length of the path of the explosion is increased. It is evident, 

therefore, that under pressures as low as 200 millims., one of the conditions which 

affects the division of the oxygen is the shape of the vessel containing the gases. In 

the last experiment the gases were fired at a temperature of 85° C. The increase of 

initial temperature acts in the same way as an increase in the length of the columns. 

A second series of experiments was then made with another mixture containing 

equal volumes of carbonic oxide and electrolytic gas. Portions of this mixture were 

exploded alternately at the line 200 in the eudiometer and between the lines 700 and 

800. The pressure in every case was 250 millims., the temperature near 10° C. 

Composition of Mixture. 

Carbonic oxide. 49‘60 
Hydrogen. 33'5 2 
Oxygen. 1G’88 

100-00 

Table IX. 

Reference 
number. 

Length 
of column. 

t, . CO, 
Ratio R q Temperature. 

, Reference 
number. 

Length 
of column. 

„ . CO, 
XltltlO Q Temperature. 

millims. CC. millin s. °c. 
9 200 •52 10-5 13 700 •55 9-6 

10 200 •53 10 1 14 800 •54 10-5 
11 200 •53 9 15 750 ■545 9-5 
12 200 •52 10-5 

200 Mean '525 Mean 750 Mean ’545 1 

* In this and in the subsequent tables each experiment is marked by a “ Reference number.” Under 

the same number in the Appendix the details of that experiment will be found. 
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In this series a slight difference is produced by a change in the length of column. 

The difference is in the same direction, but not so well marked as in the previous 

experiments, in which the mixture was poorer in oxygen and was fired under 

50 millims. less pressure. It seemed likely that with higher initial pressures or 

with more oxygen the difference would disappear altogether. 

Toxtest this point another mixture was made still richer in electrolytic gas, and 

was exploded alternately near lines 200 and 800 in the eudiometer, under 250 millims. 

pressure and between 6°'7 and 9° C. 

Composition of Mixture. 

Carbonic oxide. 41 "02 

Hydrogen. 39‘28 

Oxygen .. 19’70 

lUO'OO 

Table X.—At 250 millims. pressure. 

Reference 
No. 

Length of column. TJ l ■ CO., 

Eal,0iDj 

1 

Temperature. 

millims. °c. 
16 200 ■39 9-0 
17 200 '385 7*4 
18 800 •385 7-9 
19 800 •39 67 

These experiments show that with mixtures containing 20 per cent, of oxygen under 

250 millims. pressure, the division of the oxygen is independent of changes in the 

length of the column of gases. But with a lower initial pressure, this mixture is 

susceptible to an alteration in the length of column, as is shown by the following ex¬ 

periments :—A portion of the mixture was exploded under 100 millims. pressure, at 

the line 300 ; and a second portion was exploded under 100 millims. pressure, at the 

line 800. 

Table XI.—At 100 millims. pressure. 

Reference 
No. 

Leng'h of column. Ratio Hk 
H.,0 

Temperature. 

millims. ° C. 

20 300 •42 8-6 
21 800 •45 9-8 

It appears from these series of experiments that for a given mixture of carbonic 

oxide and electrolytic gas, a change in the length of column causes an alteration in the 

division of the oxygen between the combustible gases so long as the pressure is kept 
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below a certain limit. The lower the pressure below this limit the greater is the 

change produced. The limit varies with different mixtures: when a small percentage of 

oxygen is present the limit is higher than when the mixture is richer in oxygen. With 

pressures in excess of this limit no alteration is produced in the division of the oxygen 

bv changes in the length of the column. 

To determine what is the effect produced by a change of initial pressure alone on 

the proportion of carbonic oxide and oxygen burnt with the same length of column 

and at the same temperature, a series of experiments was made with portions of one 

mixture, starting at the lowest pressure at which the explosion was propagated, and 

increasing the pressure up to 600 millims. 

Composition of mixture. 

Carbonic oxide . 61'64 

Hydrogen. 25‘50 

Oxygen. 12’8 6 

100-00 

This mixture would not explode under 50 millims. or under 60 millims. pressure. 

It exploded under a pressure of 7 5 millims. 

Table XII.—Experiments at different pressures. Length of column =450 millims. 

Reference 
No. 

Pressures. 
„ • CO, 
Katio jj q Temperature. 

millims. ° C. 
22 75 1-27 6'5 

23 100 1-21 5-6 

24 125 1-01 6-4 

25 150 •95 6'5 

26 200 •92 5'8 

27 300 •85 6-9 

28 425 •81 7-0 

29 600 ■82 6'4 

From this table it appears that, as the pressure is increased, less carbonic oxide and 

more hydrogen is burnt until a pressure of about 400 millims. is reached, after which 

a further increase of pressure makes no difference in the division of the oxj^gen. To 

establish this important point more surely, a second series of experiments was per¬ 

formed in a similar way. Different portions of a mixture were exploded between the 

lines 400 and 500 on the eudiometer, under pressures varying from 75 millims. to 

1000 millims. 

4 o MDCCCLXXXIV. 



050 MR. H. B. DIXON ON CONDITIONS OF CHEMICAL CHANGE 

Composition of mixture. 

Carbonic oxide. 63‘31 

Hydrogen. 24,40 

Oxygen.  12‘29 

100-00 

Experiments at different pressures. Length of column =450 miliims. 

Table XIII.—Pressure 75 miliims. 

1 Reference 
.No. Pressure. p . co2 

Rauo Flo 
Temperature, 

30 
miliims. 

75 1-36 
° c. 
15-7 

31 1-46 16’6 
32 1-43 15-0 
33 1-38 14-3 
34 ?? 1-45 140 
35 11 1-36 13-2 
36 1-35 14-2 
37 1-37 14-5 

75 Mean 1395 

Table XIV.—Pressure 100 miliims. 

Reference 
No. Pressure. 

_ . CO. 
Batm nyj Temperature. 

miliims. ° O. 
38 100 1-40 14-4 
39 1-42 13 3 
40 1-39 14-8 

100 Mean 1403 

Table XV.—Pressure 125 miliims. 

Reference PrefSlire. „ . CO., 
Ra,1° II O Temperature. 

miliims. ° C. 
41 125 119 14-9 
4*2 1-15 14'9 

125 Mean 117 
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Table XYI.—Pressures from 75 millims. to 1000 millims. 

Reference 
No. 

Pressure. 
T1 . CO., 
Eafio Temperature. ; 

milliins. ° C. 

75 mean 1*395 
100 mean 1*403 
125 mean 1*17 

43 150 1*07 15 1 
44 175 1*03 15-2 
45 200 *99 151 
46 25' > *94 150 
47 300 *92 11-7 
48 400 *91 15-3 
49 700 *90 14-9 
50 1000 *90 157 

Under very small pressures considerable differences were found in the ratio C02 : hhO, 

in several experiments repeated under the same conditions. Thus under 75 millims. 

pressure this ratio was found to vary from 1*35 to U46 in eight experiments. These 

discrepancies may partly be accounted for by errors of manipulation, for on the very 

small masses of gases employed at this pressure, the error of experiment becomes 

serious. If the mean value of the ratios found in the several experiments made at 

the lower pressures he taken as correct, we see that the ratio rises very slightly as the 

pressure is increased from 75 millims. to J 00 millims., and then falls abruptly as the 

pressure is increased to 150 millims., after which the fall is more gradual, until at about 

400 millims. the ratio becomes constant. This result entirely confirms the previous 

series of experiments, and proves that for a mixture of carbonic oxide and electrolytic 

gas containing 12 per cent, of oxygen, there is a “ critical pressure ; ” below this critical 

pressure alterations of pressure affect the division of the oxygen, above it alterations of 

pressure have no effect. 

In working at low pressures, therefore, there are two sources of variation to be taken 

into account: one springing from changes of pressure, the other from changes in the 

length of the column of gases exploded. 

We have seen above that changes in the length of the column cease to have any 

effect on the ratio of the products of combustion, when a mixture containing 19 per 

cent, of oxygen is exploded under a pressure only as high as 250 millims. The 

question arises, what is the “ critical pressure ” for such a mixture? To determine this 

point a series of experiments was made at different pressures with a mixture of the 

following composition. 

Composition of Mixture. 

Carbonic oxide.58*47 

Hydrogen.22*54 

Oxygen.18*99 

4 o o 
100*00 
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Table XVII.—Length of column = 400 millims. 

Reference 
No. Pressure. 

„ • CO, 
Ratio HjU Temperature. 

millims. ° C. 
51 75 1-54 18-8 
52 100 1-40 18-2 
53 125 1-29 16-2 
54 200 1T9 12-6 
55 400 1T9 13-7 
56 500 149 8-8 

For a mixture containing 19 per cent, of oxygen the critical pressure is about 

200 millims. Now since a mixture containing 19 per cent, of oxygen was found to be 

unaffected by changes in the length of column under 250 millims. pressure, it seemed 

likely that in other mixtures changes in the length of column would cease to affect the 

division of the oxygen as soon as the critical pressure was reached. The critical 

pressure for the mixture containing 12 per cent, of oxygen is 400 millims. The 

following experiments with some of this same mixture show that at this and higher 

pressures changes in the length of column have no effect. 

Table XVIII.—Pressure = 400 millims. 

Reference 
No. 

Length of 
Column. 

„ . COo 
Ratio Temperature. 

millims. 0 c. 
57 200 •905 13 
58 200 •88 95 
48 450 •91 15-3 

Table XIX.—Pressure = 1000 millims. 

Reference 
No. 

Length of 
Column. 

„ . CO, 
Ratio q Temperature. 

2 

millims. ° c. 
59 100 •89 10-4 
60 100 •92 12*9 
50 450 •90 15-7 

The critical pressure of a mixture may therefore be defined as the lowest pressure 

at which any further increase of pressure or any change in the length of the column of 

exploded gases ceases to affect the ratio of the products of combustion. The critical 

pressure is lowered as the quantity of oxygen in the mixture increases. 

These facts account for the agreement of Hokstmann’s first series of experiments 
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and those made by Bunsen with his chain of sparks given in Table VIL Although 

the path traversed by each flame from the point of ignition is very small in Bunsen’s 

experiments compared with Horstmann’s, yet since the pressures employed by both 

experimenters were near to or above the critical pressures of the mixtures exploded, 

this great difference in the length of column had no effect on the division of the 

oxygen. The same facts also account for the disagreement between my experiments and 

those of Bunsen and Horstmann. For since the first ten experiments in my series 

were made at pressures below the critical pressure of the respective mixtures, both the 

lower pressure and the longer column increase the proportion of carbonic oxide burnt. 

In the four last experiments of this series the increase in the quantity of oxygen 

taken brings the critical pressure below the pressure employed. The results are in 

close accordance with those of Bunsen and Horstmann. 

A third series of pressure experiments was next made with a mixture containing 

only 8 per cent, of oxygen-. 

Composition of Mixture. 

Carbonic oxide.66'28 

Hydrogen.25'66 

Oxygen. 8‘06 

lOO'OO 

This mixture would not explode under 100 millims. pressure. It exploded under 

125 millims. 

Table XX.—Length of column = 400 millims. 

Reference 
Ko. Pressure. 

C03 
H;0 Temperature. 

millims. ° C. 
61 125 1-02 11-3 
62 150 1-08 11-2 
63 175 1-09 11-2 
64 200 109 12-5 
65 250 1-09 7-8 
66 300 1-04 8-6 
67 400 1-03 14-5 
68 600 100 12-4 
69 1000 •98 io-o 

In this series the proportion of carbonic oxide burnt increases at first with increase 

of pressure, reaches a maximum, and then falls continually. No critical pressure 

appeared to be reached as far as the pressure was pushed. If the critical pressure 

for a mixture containing only 8 per cent, of oxygen is above 1000 millims., it follows 

that under this pressure a change in the length of column will affect the division of 

the oxgyen. The following experiments, in which some of the same mixture was 

exploded under 1000 millims. with a short column, prove this to be the case. 
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Table XXI.—Pressure = 1000 milliras. 

Reference 
No. 

Length of 
Column. 

D ,• CO., 
Ht> Temperature. 

miilims. ° C. 
70 25 •90 8-0 
71 50 •91 8-4 
69 400 •98 io-o 

As the general result of these pressure experiments, it appeared that the law of mass 

might be tested by the incomplete combustions of carbonic oxide and hydrogen, pro¬ 

vided that each mixture of gases was exploded above its critical pressure. It will, 

perhaps, be most convenient, before proceeding to describe the experiments made with 

this view, to give here an account of Horstmann’s second paper, which advanced the 

inquiry another stage. 

Horstmann’s experiments. 

Horstmann* having shown that no sudden alterations occur in the ratio of carbonic 

acid and water produced by the combustion of carbonic oxide and electrolytic gas 

mixed in various proportions, and that Bunsen’s earlier experiments were vitiated 

by the presence of varying proportions of aqueous vapour in the eudiometer, proceeded 

to repeat v. Meyer’s experiments, in which mixtures of carbonic oxide and hydrogen 

were exploded with successively increasing quantities of oxygen. 

Horstmann found in these experiments that, for a given mixture of carbonic oxide 

and hydrogen, the proportion of carbonic acid formed gradually diminishes at first with 

increase of oxygen, reaches a minimum when between 30 and 40 per cent, of the com¬ 

bustible gases is burnt, and then gradually increases towards the limit that would be 

reached if all the gases are burnt. Nowhere did he find any alteration per saltum in 

the proportion of the products of combustion. But an examination of the numbers 

given by these experiments led Horstmann to detect a remarkable relation between 

the ratio of the unburnt carbonic oxide to the unburnt hydrogen, and the ratio of the 

burnt carbonic oxide to the burnt hydrogen. He found that when mixtures of car¬ 

bonic oxide and hydrogen in any proportions are exploded, with the same quantity of 

oxygen, the ratio between the quantities of the two gases burnt is proportional to the 

ratio between the quantities of the two gases left unburnt. Thus, if A and B are the 

quantities of carbonic oxide and hydrogen in any mixture exploded with a certain 

quantity of oxygen, then the quantity of carbonic acid formed («) and the quantity of 

steam formed (h) are given by the equation 

A—a a 

B"- 6 =iXK 

where k is a constant depending on the quantity of oxygen taken. 

* Verb, des Heidelb. nafcurf. med. Yereins., N.S. II., 1 ; Liebig’s Annalen, 190-228. 
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Horstmann states liis results in the following way : “ The law by which the division 

of the oxygen between the combustible gases is governed, can be expressed as folloivs : 

The ratio of the resulting water-vapour to the resulting carbonic acid is equal to the 

ratio of the unburnt hydrogen, to the unburnt carbonic oxide, multiplied by a ‘coefficient 

of affinity,' which is independent of the proportion of the combustible gases, but which 

changes with the relative mass of the oxygen added.” With equal quantities of oxygen 

the “ coefficient of affinity ” remains constant, not only when the ratio of the hydrogen 

to the carbonic oxide is altered, but also when the unburnt portion of the combustible 

gases is replaced, entirely or in part, by an indifferent gas of a similar physical con¬ 

stitution, such as nitrogen. 

The numbers from which Horstmann deduces this law are only fairly concordant. 

From the ten series of experiments made with different mixtures I have placed together, 

for the purpose of comparison, those in which nearly equal proportions of oxygen 

were taken. The first series, which Horstmann regards as incorrect, is omitted. In 

the following table the mean ratio of the oxygen to the combustible gases, the compo¬ 

sition of the mixtures, the percentage burnt, and the “ coefficient of affinity ” calculated 

from these experiments are given. 

Table XXII.—Horstmann’s Experiments. 

Mean ratio of 
oxygen to 

combustible gases. 
02: (H2 + CO,'. 

Batio of combustible 
gases before explosion. 

H2: CO. 

Percentage of 
combustible gases 

burnt. 

Coefficient of 
affinity. 

11 \ 
•3648 22-0 4-30 
•6142 22-0 3-81 

•3648 251 4-28 

•127 < •6142 25-8 4‘43 
1-2035 25-7 4-48 
1-0392 24-9 4-78 

192 
r •9061 38-4 6-35 

L 3-0308 38-4 5-44 

•9061 48-0 5-94 
1/0392 48-5 5-92 
1-2035 48-7 5-47 

•245 < 3-0308 48-9 5’86 
•6142 49-4 603 
•7247 49-7 5-67 

l •3648 49-8 5-25 

f •9061 52-2 5-09 
•268 < 1-2035 53-9 5-85 

l 3-0308 54-7 4-86 

r •9061 63'3 5-34 

•320 <; 3-0308 63-8 4-91 
•3493 64-1 5 00 

i •3648 61-3 4-17 
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A glance at the last column in this table shows that for equal quantities of oxygen, 

Horstmann’s coefficient of affinity is fairly constant: in the third, fifth, and sixth 

sets the extreme values differ by about 20 per cent. ; the other sets show a better 

agreement. 

In a later paper Horstmann gives the following table of the coefficients of affinity 

corresponding to different percentages of the combustible gases burnt. 

Table XXIII.—Horstmann’s new table of coefficients. 

Percentage of combustible 
gases burnt. Coefficient of affinity. 

15 2-68 
20 3-8 
25 4 83 
30 5‘65 
35 6T6 
40 6-35 
45 6-12 
50 5 88 
55 5'64 
60 5-38 
6.5 5T1 
70 4-85 

The alteration in the coefficient of affinity, with increase of oxygen, Horstmann 

attributes (1) to the increased temperature of combustion, and (2) to the alteration 

of pressure and physical characteristics of the whole mixture produced by the combus¬ 

tion. He was led to this conclusion by the following experiments : Different mix¬ 

tures of hydrogen and carbonic oxide were exploded with air. In each experiment, 

therefore, a certain quantity of nitrogen was present. The “ coefficients of affinity ” 

were found to agree approximately with those previously obtained in explosions with 

mixtures containing the same percentage of oxygen, and not with mixtures containing 

the same relative proportion of oxygen and combustible gases. 

For instance, 100 volumes of carbonic oxide and hydrogen were mixed with 76 

volumes of air containing 16 volumes of oxygen. In the explosion, therefore, 32 per 

cent, of the combustible gases is burnt, but only 20 per cent, of the mixture of carbonic 

oxide, hydrogen, and nitrogen. From the previous experiments the coefficient of 

affinity corresponding to a combustion of 32 per cent, is 5'9, and for a combustion 

of 20 per cent, it is 4'0. The coefficient found is 3-7. 
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Table XXIV. 

Volume of nitrogen 
added to 100 volumes 

of carbonic oxide 
and hydrogen. 

Volume of burnt gas< s 
in 100 volumes of 

carbonic oxide, 
hydrogen and nitrogen. 

Coefficient 

Found. 

of affinity. 

Calculated. 

60 20 37 4'0 1 TT 
75 23 4-3 4-4 > —-96 

113 28 5-1 53 J cu J0 

70 22 4'4 43 1 IT 90 25 52 47 >—4=3-03 
115 28 5'8 5-2 J CO 

59 20 37 3-9 d 
80 23 4-7 4-5 | IT 

99 26 4’8 4-9 X *=1-041 
114 28 6-2 5-2 [ CO ‘ 

125 30 53 53 J 

These coincidences, Horstmann considers, prove that the presence of the nitrogen 

affects the coefficient in the same way as the presence of an equal quantity of 

carbonic oxide or hydrogen, and point to the conclusion that the constancy of the co¬ 

efficient of affinity in the different experiments depends upon a similarity of physical 

conditions. 

In two later papers Horstmann* has shown that when carbonic acid is added to 

the mixture previous to explosion, more hydrogen and less carbonic oxide is burnt 

than when the mixture is fired without carbonic acid. When a mixture of carbonic 

acid and hydrogen is exploded with insufficient oxygen to burn all the hydrogen some 

of the carbonic acid is reduced to carbonic oxide. 

The influence of carbonic acid, he says, is not the same as that of nitrogen, 

but resembles it; direct experiments show that it is impossible to replace the excess 

of combustible gases in part by carbonic acid, without altering the coefficient of 

affinity. Carbonic acid, which has a higher specific heat than the simpler gases, pro¬ 

duces a greater effect than an equal volume of nitrogen, hydrogen, or carbonic oxide. 

This fact confirms the earlier conclusion that the coefficient not only depends upon the 

percentage of oxygen, but also on the temperature of combustion. Steam acts in 

a manner analogous to carbonic acid. Such are Horstmann’s conclusions as to the 

function of inert gases in the explosive mixture. But in one paragraph he views the 

reaction in a different light 

“The burning appears as a preliminary of secondary importance, through which are 

established the conditions antecedent to the reactions coming particularly into con¬ 

sideration. The chemical equilibrium is brought about by the two reciprocal trans¬ 

formations between carbonic acid and hydrogen on the one hand, and carbonic oxide 

* Ber. Deut. Ch. Ges., x., 1628; xii., 64. 

4 P MDCCCLXXXIV. 
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and steam on the other, which can take place at the high temperature produced by 

the combustion.” 

This view of the final result of the reaction, which appears to me to be substantially 

correct, seems difficult to reconcile with Horstmann’s previous conclusions as to the 

function of nitrogen and carbonic acid in the explosive mixture. For if the final result 

depend^ upon an equilibrium being established between the reduction of the carbonic 

acid by the hydrogen and the oxidation of the carbonic oxide by the steam, how is it 

possible for nitrogen to take the place, and play the part, of an equal quantity of 

hydrogen or carbonic oxide ? 

The following is Horstmann’s conclusions with regard to the variation of the 

coefficient with the percentage of oxygen taken :— 

“ The coefficient is probably dependent alone upon the temperature. The influence of 

the temperature is of a complicated kind. A portion of the carbonic acid and steam is 

dissociated at the temperature reached. As the temperature sinks, the equilibrium 

alters with it. The composition of the mixture corresponds therefore to an equilibrium 

for some unknown middle value between the temperature of combustion, which varies 

with the composition of the mixture, and the lower limit of temperature, at which 

the mutual action of the gases is just possible. This lower limit of temperature is 

the same with all mixtures.” 

From his latest experiments (not yet published) Horstmann concludes that the 

values of the coefficient, which by the earlier experiments fell between 4 and 7, may 

be much lower at low temperatures : for the lowest temperatures even less than 1. 

This shows that, contrary to what is found at high temperatures, the affinity of 

oxygen for carbonic oxide at low temperatures is greater than for hydrogen ; a result 

which confirms the statement of E. von Meyer that in the slow combustion effected 

by platinum at ordinary temperatures more carbonic oxide is burnt than hydrogen. 

I shall show later that the proportionality discovered by Horstmann between the 

ratios of the unburnt gases and the products of combustion is a fact independent of 

the percentage of combustible gases burnt, and dependent only on the conditions (1) 

that a sufficiently high temperature should be reached in the explosion, (2) that none 

of the reacting molecules should be withdrawn from the sphere of action during the 

chemical change, and (3) that no indifferent gas should be present. 

Experiments with dry gases above the critical pressure. 

To test the accuracy of Horstmann’s conclusions, the following experiments were 

made with dry gases exploded at high pressures. A dry mixture of carbonic oxide 

and oxygen and a dry mixture of hydrogen and oxygen, each containing 12'4 per 

cent, of oxygen, were made. Varying proportions of each of these mixtures were 

brought together in the eudiometer and exploded under 1000 millims. pressure. In 

these experiments the ratio of carbonic oxide and hydrogen is varied ; about 12'4 

per cent, of oxygen is employed in each case; and the pressure is such that no 

increase of pressure or variation in the length of column makes any difference in 
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the result. For the purpose of comparing the experiments one with the other, the 

volume of the combustible gases before the explosion is taken as 100 in each case; 

then the volumes of gases left unburnt and the volume of the burnt gases 

together make up 100. Tn the following table these volumes are given in 

separate columns. In the first column is given the “ reference number,” in the second 

the temperature of the mixture before explosion. 

Table XXV.—Pressure = 1000 millims. 

Reference 
No. 

Before Explosion. After Explosion. 

Temp. 

Oxygen. Carbonic 
oxide. 

Hydrogen. CO. CO£. H_. HU. 

a. 

72 
°C 

14-6 14-0 13-46 86-54 12-33 113 59-72 26-82 4-90 
73 14-4 14-1 30-13 69-87 2714 2-99 44-63 25-24 544 
74 15-2 141 40-63 59-37 36"07 4"56 35-66 23-71 5-26 
75 13-6 14-2 52-46 47-54 45-31 7-15 20-28 21-26 513 
76 13-4 14-25 66-34 33 66 55-04 11-30 16-42 17-24 5-11 
77 147 14-25 77-57 22-43 61-39 16-18 10-06 12-37 476 
78 15-6 14-25 83-6C 16-40 64-58 19-02 6-91 9-49 4-67 

14'5 Mean temp. Mean coefficient 5'00 

Of the four reactions, namely, the two direct reacticns symbolised by the equations 

(1) 2 H3 + 03 = 2 H,0 

(2) 2 CO + 03 = 2 C03 

and the two indirect reactions symbolised by the equations 

(3) IPO + CO = H3+C03 

(4) H,3 4- C03 = H30 + CO 

It has been stiown that both the indirect and only one of the direct actions actually 

occur under the conditions of the experiments. Mr. Esson,* who discussed the results 

of these experiments, found that the numbers obtained agree with the theory that the 

final division of the oxygen depends upon an equilibrium being established bet ween the 

two reverse changes 3 and 4. The quantities found in these experiments satisfy the 

equation 
V x h 

k x li’ ~ “ 

where h and h' represent the volumes, or the number of molecules, of steam and 

hydrogen remaining at the end of the reaction, and Jc' and Jc represent the number of 

molecules of carbonic oxide and carbonic acid remaining at the end of the reaction. 

The product of the steam and, carbonic oxide molecules bears a constant ratio to the 

product of the hydrogen caul carbonic acid molecules. Each experiment gives a value 

* Vide Mr. Esson’s Note at the end of this paper. 

4 v 2 
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for a. These values are given in the last column of the table. The mean of the seven 

experiments gives a=5. From this mean value the quantity of hydrogen and 

carbonic oxide burnt in any given mixture can be calculated. In the following table 

the quantities of hydrogen burnt, calculated for the mixtures employed in these 

experiments, are compared with those actually observed. 

Table XXVI.—Volume of hydrogen burnt. 

Reference 
No. Calculated. Observed. 

78 9-7 9'5 
77 126 12-4 
76 171 17-2 
75 21-3 21-3 
74 23-5 23-7 
73 25-2 25-2 
72 26-9 26-8 

According to this theory, the chemical changes vary as the explosion proceeds. 

The explosion starts with the direct union of oxygen and hydrogen, the change 

proceeding until all the oxygen is converted into steam, according to equation (1); as 

soon as steam is formed by this union it begins to oxidize the carbonic acid, according 

to equation (3) ; the carbonic acid so produced is in turn reduced to carbonic oxide by 

free hydrogen, according to equation (4). The heat developed by the direct union of 

the oxygen and hydrogen raises the whole body of the gases to incandescence. After 

all the oxygen is converted into steam, four gases remain at a high temperature — 

hydrogen and steam, carbonic oxide and carbonic acid. Of these four gases, one pair, 

hydrogen and carbonic acid, react at the high temperature to form the other pair, 

steam and carbonic oxide ; but steam and carbonic oxide themselves react to form the 

first pair, hydrogen and carbonic acid, so that two reverse changes take place 

simultaneously in the mixture. The quantity of each pair present at any moment 

during the reaction depends on the relative rates at which the two changes proceed. 

Possibly these rates may vary with the temperature as the whole body of gases cools 

down. The quantities actually measured are those in equilibrium at the moment the 

gases cool to the temperature at which the reaction ceases. But since in the fall from 

the highest temperature reached in any explosion to the lowest at which reaction 

occurs there is a large range of cooling common to all the experiments, the relative 

rate of the two changes observed is in all cases that which is found under similar 

conditions of temperature. 

According to Horstmann the coefficient varies with the proportion of oxygen 

employed, at first increasing with the increase of oxygen, reaching a maximum when 

from 15 to 20 volumes of oxygen are mixed with 100 of the combustible gases, and 

finally diminishing gradually as the oxygen is increased beyond this point. The 

volume of oxygen added to 100 volumes of the combustible gases was 14'2 in 
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my experiments. The number found. (a=5) is considerably below the maximum 

observed by Horstmann. To observe the effect of an increase of oxygen, a second 

series of experiments was made similar in all respects to the first, but with 17’7 

volumes of oxygen instead of 14-2 added to 100 volumes of the combustible gases. 

The gases were exploded under 1000 millims. pressure in each experiment. 

Table XXVII. 

Reference 
Temperature. 

Before the explosion. 

Coefficient a. No. 

Oxygen. Carbonic oxide. Hvdrogen. 

79 
° C. 

13-4 177 83-9 16-1 4-8 
80 13-4 79-8 20 2 5-0 
81 12-6 78-2 21-8 49 
82 136 99 687 313 5-3 
83 13-0 99 45'4 54-6 5-2 
84 13-2 35-9 64-1 5-2 
85 137 99 15-8 84-2 5-0 

Mean 13*3 Mean 5'06 

These experiments entirely confirm the previous series ; the proportion of gases 

burnt is expressed by the equation 
k'xh 

kxh~a 

and the mean value of a closely approximates to the value previously found. No 

appreciable rise in the coefficient is produced by increasing the amount of oxygen from 

14‘2 to 17'7 volumes. These experiments are therefore at variance with Horstmann’s 

conclusion. 

To test this point further a mixture was made containing 15‘9 vols. of oxygen to 

100 volumes of the combustible gases. Two experiments were made with portions of 

this mixture ; then more oxygen was added to the remainder and two more experiments 

made. 
Table XXVIII. — Pressure = 1000 millims. 

Reference 
Temperature. 

Before the explosion. 

Coefficient a. 
No. 

Oxygen. Carbonic oxide. Hydrogen. 

86 
° C. 

67 15'9 732 26'8 57 
87 8-9 99 5? 99 5'6 

88 8-8 24-3 732 26-8 5'6 
89 8-0 99 99 99 57 

Mean 8'1 Mean 5'6 
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No difference was found in the coefficient whether lo-9 or 24’3 volumes of oxygen 

were used, but the mean value of the coefficient in these four experiments was 

appreciably higher than in the two previous series, which gave 5 for the value of a 

both with 14'2 and 17'7 volumes of oxygen. Apart from the variation of the oxygen, 

the only other difference between these and the previous experiments was a small 

difference in temperature amounting to some five or six degrees. In the first series 

the gases were exploded at a mean temperature of 14°'5, in the second series at a mean 

temperature of 130,3, and in the last four experiments at a mean temperature of 80,1. 

On calculating out the coefficient a from Bunsen’s later experiments,4'and omitting 

the first as being below the critical pressure, its mean value is found to be 5’8 for a 

mean temperature of 70,2. 

Table XXIX.—Bunsen’s experiments with dry gases. 

Temperature. Oxygen. Carbonic oxide. Hydrogen. Coefficient a. 

”C. 
10-3 107 78-6 21-4 4-9 

f 4 6 12-5 74-9 257 5-6"| 
| 5-3 14-5 70-9 297 5-8 1 

I 7-3 147 7L8 28-2 6-2 y 
87 H -9 667 33-9 6-0 j 

Lio- 207 58-5 41-5 5-5J 

Mean 7’2 Mean 5'8 

Here a high value for the coefficient is also accompanied by a low temperature. It 

appeared possible then that a variation of a few degrees in the temperature of the 

gases before the explosion might materially alter the result. A few experiments 

showed this to be the case. 

Experiments on the influence of initial temperature. 

Portions of a mixture of the dry gases were exploded successively under 1000 

millims. pressure at different temperatures. In the first two experiments the 

eudiometer was cooled down by placing ice water in the jacket, in the other experi¬ 

ments the eudiometer was warmed by hot water. 

The mixture was of the following composition : 

Carbonic oxide.70'8 

Hydrogen.2 9'2 

1000 

Oxvgen added . . 16‘8 

* “ Gasometrisclie Methoden, IIte Anflage.” 
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Table XXX.—Pressure = 1000 millims. 

Reference 
No. 

Before the explosion. After the explosion. 

Oxygen. Carbonic 
oxide. Hydrogen. Carbonic 

oxide. 
Carbonic 

acid. Hydrogen. Steam. 

Temperature Coefficient 
a. 

90 16-8 70-8 29'2 55-3 15-5 11-3 18-0 
° C. 

3 5v 
91 55 54-9 1V9 11-7 17-6 19 5-2 
92 55 55 54-8 16 1 118 17-3 20 5 0 
93 55 55 55 53-9 16-9 12 1 17-1 40 4'5 
94 55 55 55 53 1 17 7 12-8 16'3 60 3-8 

These experiments show that a small change of initial temperature makes a very 

considerable difference in the division of the oxygen. To carry the range of temperature 

further, portions of a similar mixture were exploded under 1000 millims. pressure at 

temperatures ranging from —10° to 120° C. 

Table XXXI. 

Reference 
No. 

Before the explosion. After the explosion. 

Temperature. a. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

95 17-5 733 267 56-3 170 8-6 18-1 
° C. 

-10 7-0 
96 54-0 19 3 11 2 15-5 60 3-9 
97 55 53-6 197 11-4 15-3 80 3-7 
98 • 5 15 537 19-6 11-4 15-2 100 3-7 
99 17-6 73'4 26-6 53'6 19-9 11-3 15-3 120 3-7 

In the last two experiments the eudiometer was heated by hot glycerin in the jacket. 

These additional experiments confirm the previous series ; a change of initial tem¬ 

perature greatly influences the division of the oxygen. But they also bring to light a 

very important fact. The coefficient of affinity does not materially alter when the 

temperature is raised from 60° to 120°. The coefficient found at these two tem¬ 

peratures in the second series is also the same as that found at 60° in the first series. 

The two sets together show a progressive diminution of-the coefficient as the tem¬ 

perature is raised from —10° to 60° and a nearly constant value between 60° and 120°. 

Another mixture wras now made containing about three times as much hydrogen as 

carbonic oxide ; portions of this mixture were exploded successively under 1000 millims. 

pressure at 0°, 70°, 80° and 100°. A nearly similar mixture was exploded at 125°. 
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Table XXXII. 

Before the explosion. After the explosion. 

Reference 
Temperature. a. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

100 17-3 24 76 21-4 2-6 44T 31-9 
° C 

0 5-9 
101 20'5 3-4 447 31-3 70 4-2 
102 20-4 3-5 44-7 31-3 80 4-0 
103 20-4 3-6 44-4 3D6 100 4-0 
104 15-9 24-5 7 5'5 21-2 33 47-0 28-5 125 4-0 

Between 0° and 70° a large fall of the coefficient occurs ; between 70° and 80° there 

is a slight fall; from 80° to 125° it remains constant. The high temperature constant 

with this mixture is rather higher than with mixtures containing excess of carbonic 

oxide. 

A fourth mixture, containing about equal volumes of carbonic oxide and liydi’ogen, 

was next exploded at 70°, 80°, and 120° under 1000 millims. pressure. For the purpose 

of comparison an experiment previously made with a nearly similar mixture at 14° is 

included in the table. 

Table XXXIII. 

Reference 
No. 

Before the explosion. After the explo-ion. 

Temperature. a. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

° C. 

75 14-2 52'5 47'5 45-3 72 26-3 21-3 14 5 1 
105 15‘4 5D7 48-3 42-7 8-9 26-0 22 3 70 41 
106 42-9 87 26-6 21-8 80 4-0 
107 

” 55 55 42-8 8 8 26-4 21-9 120 4-0 

Between 14° and 70° there is a large fall in the coefficient ; between 80° and 120° 

the coefficient remains constant. 

It is difficult to assign the marked change in the coefficient, as the initial tempera¬ 

ture is raised from 0° to 60°, to a higher temperature being reached in the combustion 

when the eudiometer is warmed. In the first place if the temperature of the flame is 

increased by the whole amount of the initial warming of the gases, this increase is 

not more than 2 or 3 per cent., whereas the coefficient is altered some 40 per cent. ; 

and secondly if such a small increase in the temperature of the flame affects the 

coefficient, we should expect the small further increase in the temperature of the flame 

by heating the eudiometer from 60° to 120° to make a further change in the coefficient. 

No change in the coefficient occurs as the temperature of the eudiometer is raised from 
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60° to 120°. The cause of the change must be sought in some condition present 

up to 60° and absent at higher temperatures. There is such a condition—the 

condensation of the steam by the sides of the vessel during the progress of the 

chemical change. By this condensation one of the reacting bodies is removed from 

the sphere of action. If we conceive the gases to be composed of a vast number of 

molecules moving in straight lines and coming into collision one with another and with 

the sides of the vessel, and that an appreciable time elapses during which the gaseous 

molecules are in sufficiently rapid motion to change atoms when they come into 

collision, then it must happen that while the change is proceeding a number of steam 

molecules strike the sides of the vessel. Now a vapour diffused through a gaseous 

mixture is condensed to a liquid by a cool surface when the pressure of the vapour in 

the mixture is greater than the tension exerted by the liquid at the temperature of 

the cool surface. On the contrary, when the surface is at such a temperature that a 

liquid film upon it exerts a tension greater than the pressure of the vapour of that 

liquid present in the atmosphere in contact with it, the liquid volatilizes from the 

surface. Under the latter conditions no vapour would be condensed from a gaseous 

mixture. For a surface at a given temperature, condensation depends upon the 

tension of the vapour in the mixture, and for a given tension of the vapour, condensa¬ 

tion depends on the temperature of the surface. 

These facts permit the question to be readily tested by experiment. In the first 

series of temperature experiments, if 37 be taken as the constant coefficient at high 

temperatures, then in the last experiment the tension of the steam formed by the 

unimpeded reaction would be 162 millims. at 60°. At this temperature the tension 

exerted by a film of water is about 150 millims. During the explosion, therefore, the 

sides of the vessel might condense a small quantity of steam, and the coefficient might 

in consequence be slightly raised. In the previous experiment at 40°, the tension of 

steam formed by the unimpeded reaction would still be 162 millims. at 40°; but at 

this temperature the tension exerted by a film of water is only 55 millims. So that 

a considerable condensation might take place, and the coefficient be considerably 

raised. At lower temperatures the effect would be greater still. In the same way, if 

37 be taken as the constant coefficient in the second series of temperature experi¬ 

ments, then in the second, third, fourth, and fifth experiments the tension of steam 

formed by the unimpeded reaction would be 152 millims. at 60°, 80°, 100°, and 120° 

respectively. At 80° the maximum tension of aqueous vapour is 355 millims., so that 

at 80° and at higher temperatures no condensation could take place; but at 60° a slight 

condensation might occur. The two series of experiments show therefore that the 

coefficient remains constant when no condensation is possible during the reaction : 

with decrease of initial temperature the coefficient begins to increase as soon as con¬ 

densation becomes possible. Similarly in the third series of experiments, if we take 

4 as the constant coefficient, no condensation could take place at 80° or higher tem¬ 

peratures ; at 70° some condensation might occur. The coefficient begins to increase 
MDC'CCLXXXIV. 4 Q 
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as soon as condensation is possible. In the fourth series the maximum tension of 

aqueous vapour at 70° (233 millims.) is just greater than the tension of steam formed 

(219 millims.). Perhaps incipient condensation accounts for the very slight rise in 

the coefficient observed. 

Now by varying the initial pressure the point of possible condensation can be 

altered without varying the temperature of the vessel. For instance, by reducing 

the initial pressure from 1000 millims. to 500 millims. in the two first series, the 

tension of the steam formed in the unimpeded reaction would have been reduced to 

8L millims. and 76 millims. respectively; no condensation could therefore have taken 

place under these conditions until the temperature had been reduced below 50°, and 

so on for other initial pressures. By changing the initial pressure the truth of the 

hypothesis can therefore be tested ; if the condensation of steam interferes with the 

reaction in the manner indicated, the increase of the coefficient will always occur 

when the tension of steam formed is equal to the maximum tension of aqueous 

vapour at the temperature of the eudiometer. Some of the mixture containing 73'4 

parts of carbonic oxide and 26‘6 parts of hydrogen in 100, was exploded under 400 

millims. pressure and at different temperatures with the following results. 

Table XXXIY.—Pressure = 400 millims. 

Reference 
Mo. 

Before the explosion. After the explosion. 

Temp. a. 

Oxygen. Carbonic 
oxide. 

Hydrogen. Carbonic 
oxide. 

Carbonic 
acid. 

j Hydrogen. Ste mi. 

°c. 

108 17'6 73 4 26-6 54-0 19-6 10-7 16-0 40 44 
109 55 59 53'5 19-9 112 15-3 50 3*7 
110 5^ 55 55 535 19-9 11-2 15-5 100 37 

In these experiments the tension of steam formed by the unimpeded reaction is only 

62 millims. The maximum tension of aqueous vapour at 50° is 92 millims. and at 40° 

it is 55 millims. If condensation causes the increase in the coefficient, this increase 

should not take place until the temperature is reduced below 50°. The coefficient is 

found to be the same at 50° as at 100°, whereas at 40° a distinct increase is observed. 

When this same mixture was exploded under 1000 millims. pressure the steam pro¬ 

duced had a tension of 153 millims., and at 60° where the maximum tension of aqueous 

vapour is 149, the coefficient began to rise. These experiments also show that the 

coefficient is the same whether the gases are exploded under 400 millims. or 1000 

millims., provided that no condensation takes place. 

Again, the same mixture was exploded under 100 millims. pressure at varying 

temperatures. 
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Table XXXV. 

1 
Before the explosion. After the exploion. 

Temp. a. rveiei eiicc 
No. 

Oxygen. Carbonic 
oxide. 

Hyd rogen. Carbonic 
oxide. 

Ca- bonic 
acid. 

Hydrogen. Steam. 

Ill 17'6 73'4 26-G 53'5 19'9 11-7 14-8 
° C. 

16 34 
112 ,, •)) 52-2 21-2 12-8 1.3-8 30 2-7 
113 ! i1 52-1 2D4 12-6 14-0 60 2 7 
114 | ? J 11 52-0 2E4 12-7 13-9 100 2-7 

The maximum tension of aqueous vapour at 16° is 13^ millims., at 30° it is 31-| 

millims. ; the tension of the steam produced in the unimpeded reaction is 14 millims. 

As the temperature is reduced from 100° to 30°, no alteration is found in the coeffi¬ 

cient ; at 16° the coefficient is distinctly raised. The constant coefficient under 

100 millims. is lower than that under 400 millims. 

From all the experiments made at various temperatures, it follows that when the 

steam formed during the reaction is more than sufficient to saturate the space at the 

temperature of the enclosing vessel, some of the steam is condensed on the sides of the 

vessel during the progress of the chemical change. 

By the removal of a 'portion of the steam during the reaction, more steam and less 

carbonic acid are found after the explosion than if all the steam had remained as a gas 

capable of reacting with the carbonic oxide. 

When no condensation occurs, a change of initial temperature has no effect on the 

division of the oxygen in the explosion. 

Experiments on the “ critical pressure” at high temperatures. 

In the experiments previously described, in which portions of a mixture were 

exploded under increasing pressures at ordinary temperatures, it was found that the 

ratio of carbonic acid to steam formed continually diminished until at about 400 

millims. pressure it became constant. The lowest pressure at which the ratio became 

constant varied in different mixtures. The larger the percentage of oxygen taken, the 

lower the critical pressure was found to be. In these experiments, condensation of 

CO 
steam occurred during the reaction, and in consequence the ratio ppp^ was diminished. 

In the temperature experiments last described, it was seen that this ratio varied with 

the pressure when no condensation took place. To determine the amount of this 

variation, and the “ critical pressure,” with different mixtures, three series of explosions 

were made under successively increasing pressures, at a temperature sufficiently high 

to prevent any condensation of steam. In the first series a mixture of nearly equal 

volumes of carbonic oxide and hydrogen was taken. I 00 volumes of this mixture 

were exploded with 15'4 volumes of oxygen at 80°. 

4 q 2 
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Table XXXVI.—Temperature of Eudiometer = 80° C. 

Reference 
No. 

Before the explosion. After the explosion. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

Pressure. a. 

115 15-4 517 48-3 42-0 97 27-4 20-9 
millims. 

150 3-3 
116 42 T 9-6 267 21-6 200 3-6 
117 55 427 8-9 26-6 2L8 300 3-9 
118 55 42-5 91 264 22 2 400 4-0 
106 55 55 55 42-9 87 26-6 21-8 1000 4-0 

This mixture would not explode when the spark was passed under 100 millims. or 

125 millims. pressure. At 150 millims. it exploded. The critical 'pressure is found 

to he between 300 millims. and 400 millims. Below the critical pressure a different 

equilibrium is established. The constant coefficient for this mixture is the same as 

that for a mixture containing three volumes of hydrogen to one volume of carbonic 

oxide. 

From the experiments previously given the following table is made up. 

Table XXXVII.—Temperature of Eudiometer = 100° C. 

Reference 
No. 

Before the explosion. After the explosion. 
Co- 

Oxygen. Carbonic 
oxide. Hydrogen. Carbonic 

oxide. 
Carbonic 

acid. Hydrogen. Steam. 
Pressure. efficient. 

a. 

114 17-6 73-4 26-6 52-0 21-4 127 13-9 
millims. 

100 27 
110 535 19-9 111 155 400 3-7 

98 55 55 55 53-7 19-6 11-4 152 1000 37 

This mixture exploded under 100 millims. pressure at 100°. The “critical pressure” 

is below 400 millims. 

Another set of experiments was made with a mixture containing about three times 

as much hydrogen as carbonic oxide. To 100 volumes of the combustible gases, 15'8 

volumes of oxygen were added. 

Table XXXVIII.—Temperature of Eudiometer = 100° C. 

Reference 
No. 

Before the explosion. After the explosion. 
Co¬ 

efficient. 
a. Oxygen. Carbonic 

oxide. Hydrogen. Carbonic 
oxide. 

Carbonic 
acid. Hydrogen. Steam. 

Pressure. 

119 15-8 24-5 75-5 20-4 41 48-6 26-9 
millims. 

100 2-8 
120 55 55 21-2 33 47-2 28-3 oOO 3-8 
104 55 55 55 21-2 33 47-0 28-5 1000 4-0 

The critical pressure is above 300 millims. 
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Experiments were next made with smaller quantities of oxygen. To 100 volumes 

of a mixture containing nearly equal quantities of carbonic oxide and hydrogen, 8'5 

volumes of oxygen were added. Portions of this mixture were exploded under 

increasing pressures at 90° C. The coefficient continued to increase as the pressure 

was raised up to 2000 millims. of mercury. 

Table XXXIX.—Temperature of Eudiometer = 90° C. 

Reference 
No. 

Before the explosion. After the explosion. 

Oxygen. Carbonic 
oxide. Hydrogen. Carbonic 

oxide. 
Carbonic 

acid. Hydrogen. Steam. 
Pressure. a. 

121 8-5 48-2 51-8 43-6 47 39-3 125 
millims. 

400 2-9 
122 55 55 5 5 43-9 43 39-1 126 800 3-3 
123 55 55 55 43-8 4-5 387 13-0 1000 3 3 
124 55 n 55 43-9 4-4 38'6 131 1500 3-4 
125 55 55 55 44-1 4-2 39-0 12-8 2000 3-5 

The critical pressure of this mixture is above 2000 millims. Another mixture, 

containing 10-2 volumes of oxygen to 100 volumes of the combustible gases, was 

exploded in a similar way under increasing pressures at 90° C. The coefficient con¬ 

tinued to increase as the pressure was raised up to 2000 millims. ; hut in each 

case the coefficient was higher than under the same pressure with the lower pro¬ 

portion of oxygen. 

Table XL.—Temperature of Eudiometer = 90° C. 

Reference 
No. 

Before the explosion. After the explosion. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

Pressure. a. 

126 10-2 532 46-8 477 61 32'5 14-3 
millims. 

400 3-4 
127 47-3 5-9 32 1 146 1500 3*6 
128 47 5 5-8 321 147 1750 37 
129 55 55 55 47'6 57 32-1 14-6 2000 3-8 

The critical pressure of this mixture is above 2000 millims. 

A third mixture with rather more oxygen was exploded in a similar way. 
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Table XLI.—Temperature of Eudiometer = 90° C. 

Reference 
No. 

X 

Before the explosion. After the explosion. 

Pressure. n. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

millims. 

130 11-5 4G7 53-3 41-1 .5-6 35'7 17*5 400 3-6 
131 4D3 5-4 35-6 177 600 3-8 
132 41-4 5-3 35-5 17-8 800 3-9 
133 >5 n 41-4 5-3 35'4 17-8 1000 39 

The “ critical pressure ” of this mixture is near 1000 millims. 

From these series of experiments at a high temperature it appears that when the 

proportion of oxygen is low, the division of the oxygen varies with changes of pressure 

even beyond 2 metres of mercury. As the proportion of oxygen is raised, the point is 

sooner reached at which no further increase of pressure affects the result. In these 

experiments no condensation of steam was possible during the reaction. 

These experiments also show that a variation in the quantity of oxygen from 11*5 

to 15 4 (for every hundred of the combustible gases) has no effect on the coefficient a. 

According to Horstmann this coefficient varies from 3'8 to 5‘6 when the proportion of 

oxygen is increased from 10 to 15 parts for every 100 of combustible gases. In the 

following experiments larger proportions of oxygen, increasing from 17'5 to 38’6 parts, 

were exploded with a mixture containing three of carbonic oxide to one of hydrogen. 

In each case the explosion was made under a pressure of 1000 millims. of mercury. 

Table XLII. 

.Reference 
No. 

Before the expl Dsion. After the explosion. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Caibonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

Temperature. a. 

97 17-5 733 267 53-6 197 11-4 153 
0 C 
80 37 

134 26-3 75-3 247 4D3 34-0 67 18'6 37 
135 27-2 757 24-4 39-8 35-9 5-8 18'6 36 
136 30-5 75-3 247 34-5 40‘8 47 20-0 36 
137 38-6 75-3 247 20-6 547 23 22‘4 r> 3-6 

The increase in oxygen from 17*5 to 38-6 for 100 of the combustible gases produces 

only the slight change in the coefficient from 37 to 3'6. 

According to Horstmann, this change in the quantity of oxygen should be 

accompanied by a fall in the coefficient from about 6 to 4'5. 

With a mixture containing three times as much hydrogen as carbonic oxide a 
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change in the quantity of oxygen added from 16 to 26 made no difference in the 

coefficient, when the mixtures were exploded at 100°, and above the critical pressure. 

The following table contains the results of these experiments. 

Table XLIII.—Pressure = 1000 millims. 

.Reference 
JS:o. 

Before the explos’on. After the explosion. 

a. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

104 15-8 24-5 755 21-2 3-3 47-0 28-5 4-0 
103 17-3 24-0 76-0 20'4 3-6 44’4 31-6 4-0 
139 25'9 24-5 75-5 17-9 66 304 45-1 40 

With another portion of the third mixture, containing about 26 per cent, of oxygen, 

an explosion was made under 1000 millims. pressure at 80° C. The tension of the 

steam formed in the unimpeded reaction being 451 millims., and the maximum 

tension of aqueous vapour being only 355 millims. at 80°, it follows that condensation 

of steam should occur during the explosion at the lower temperature. The coefficient 

was found to be 4 2, a result which confirms the previous experiments made on 

condensation. 

Table XLIV.—Pressure = 1000 millims. 

Kefevence 
Is 0. 

Before the explosion. After the explosion. 

Temperature. a. 

Oxygen. Carbonic 
oxide. Hydrogen. Carbonic 

oxide. 
Carbonic 

acid. Hydrogen. Steam. 

139 
138 

25-9 
55 

24-5 
55 

75*5 
55 

17- 9 
18- 0 

6'6 
6’5 

30-4 
302 

45-1 
45-3 

100 
80 

4-0 
4-2 

When a diy mixture of carbonic oxide and hydrogen is exploded with 12 to 15 

per cent, of oxygen, at a pressure greater than the critical pressure, and at a tem¬ 

perature sufficiently high to prevent any condensation of steam, the coefficient a is 

found to be 4 when the hydrogen is equal to or greater than the carbonic oxide, but 

3'7 when the carbonic oxide is three times the hydrogen. This difference I believe to 

be due to the fact that carbonic oxide and oxygen, under the conditions of these experi¬ 

ments, are incapable of direct combination, so that when the volume of hydrogen taken 

is less than double the volume of the oxygen, there is present during a part of the 

reaction an excess of oxygen chemically indifferent to the three other gases present— 

steam, carbonic oxide, and carbonic acid. 
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For instance, in the last three experiments of Table XL., where 17 5 parts of oxygen 

were exploded with 73’3 of carbonic oxide, and 26’7 of hydrogen, there was only sufficient 

hydrogen to burn at once 13*3 parts of oxygen ; now, supposing the hydrogen to have 

been all burnt at once, then the other 4”2 parts of oxygen had to wait until the corres¬ 

ponding quantity of steam, formed at first, had been decomposed by the carbonic oxide. 

Of course the steam produced at first immediately began to react with the carbonic 

oxide, but owing to the deficiency of hydrogen, the rate of formation of steam was 

limited, during a considerable portion of the reaction, by the rate of formation of 

carbonic acid through the double decomposition of steam and carbonic oxide. The 

intensity of the reaction was thus diminished. 

Now the presence of an inert gas, such as nitrogen, is found to affect the coefficient 

a in the same way. To a mixture containing about three times as much hydrogen as 

carbonic oxide and some 14 per cent, of oxygen, was added about two-thirds its volume 

of nitrogen. When this mixture was exploded under 1000 millims. pressure at 100° C., 

the coefficient was found to be 3'2. A similar mixture without the addition of nitrogen 

gave 4 for the coefficient under the same conditions. 

Table XLY.—Pressure = 1000 millims. 

Reference 
No. 

Before the explosion. After the explosion. 

Tempera¬ 
ture. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen Nitrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

a. 

°c 
104 Mixture without 

nitrogen . . . 
15-9 245 75'5 • • 21-2 3-3 47-0 28-5 100 4.0 

140 Mixture with 
nitrogen . . . 

16’5 24-5 k r, r 
75 j 72-0 20-5 4-0 46-3 29-2 100 32 

The diminution in intensity produced by the presence of the inert nitrogen favours 

the formation of carbonic acid in preference to steam in the explosion. 

If the fall of the coefficient from 4 to 3‘7 is due to the presence of inert oxygen 

during a portion of the reaction, it will follow that, so long as the oxygen employed is 

not more than half the hydrogen, the coefficient will remain normal whatever be the 

proportions of carbonic oxide and hydrogen present ; but whenever the oxygen is more 

than half the hydrogen the coefficient will fall. The change of the coefficient will not 

be abrupt, but the chief gradient will occur at the point when the hydrogen is double 

the oxygen. 

This explanation can therefore be readily tested experimentally. Two mixtures were 

made ; one of carbonic oxide and oxygen, the other of hydrogen and oxygen—both con¬ 

taining the same percentage of ox}7gen. Varying proportions of these two mixtures 

were brought together in the eudiometer and exploded at a high temperature, and at 

a pressure greater than the critical pressure. It was found that when the hydrogen 
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was more than double the oxygen, the coefficient was almost exactly 4 ; when the 

hydrogen was just double the oxygen, the coefficient was slightly lowered, and when 

the hydrogen was less than double the oxygen, the coefficient fell gradually from 

4 to 3-6. In the following table the results of these experiments are tabulated, 

together with one or two previous experiments which fit into the series. 

Table XLVI.—Temperature = 90°-.L00°. Pressure = 1000 millims. 

Reference 
No. 

Before the explosion. After the explosion. 

Cl. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen. 

Carbonic 
oxide. 

Carbonic 
acid. 

Hydrogen. Steam. 

141 17-2 18-3 81-7 15-8 2-5 49-9 31-8 3-98 
103 17-3 24-0 76-0 20-4 3-5 44-7 31-3 4-03 
142 16-9 39-7 60-3 33-0 6-8 33-2 27-1 3-97 
106 15-4 51-7 48-3 42-9 8-7 26-6 21-8 4-02 
143 17-4 58-8 41-2 45-8 13-0 19-4 21-8 3-97 
144 17-35 61-6 38-4 47-5 141 17-8 20-6 3-93 
145 17-35 66-0 34-0 50-0 16-0 15-3 18-7 3-81 

98 17-5 73-3 26-7 53-7 19-6 11-4 15-2 3-67 
146 16-7 79-2 20-8 57-9 21-3 8-8 12-05 3-68 
147 16-6 84-3 15-7 60-3 24-0 6-4 9-25 3-61 

Again, similar experiments were made with a smaller proportion of oxygen ; instead 

of 17*4 parts of oxygen 12’4 were taken. With 17’4 parts of oxygen, the percentage 

of hydrogen could not be reduced to 34 per cent, of the combustible gases without 

lowering the coefficient, but with only 12'4 parts of oxygen the lowering of the 

coefficient should only occur when the percentage of hydrogen is reduced to about 

25 per cent. 

The experiments agreed perfectly with the theory. 

With 32 per cent, of hydrogen the coefficient was normal, with 28 per cent, it was 

still nearly normal, with 24 per cent, it had fallen. 

Table XLYII.—Temperature = 90°. Pressure = 1000 millims. 

Reference 
No. 

Before the explosion. After the explosion. 

a. 

Oxygen. 
Carbonic 
oxide. 

Hydrogen. 
Carbonic 

oxide. 
Carbonic 

acid. 
Hydrogen. Steam. 

148 12-45 67-9 32-1 56-9 11-0 18-2 13-9 3-96 
149 12-45 72-0 28-0 59-6 12-4 15-5 12-5 3-91 
150 12-45 76-1 23-9 62-1 14-0 12-9 11-0 3-77 

The results of these two series of experiments are expressed graphically below. The 
MDCCCLX XXIY. 4 E 
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abscissae are parts of carbonic oxide in 1000 of the combustible gases, the ordinates are 

the coefficients found. 

The continuous curve is drawn through the coefficients given by the mixtures with 17'4 

parts of oxygen. The vertical line shows the point where the hydrogen is just twice the 

oxygen in the first series. The dotted curve is drawn through the coefficients given by the 

mixture with 12'4 parts of oxygen. The vertical line shows the point where the hydrogen 

is just twice the oxygen in the second series. 

General conclusions. 

1. Bunsen’s original experiments on the incomplete combustion of carbonic oxide 

and hydrogen are vitiated by the presence of aqueous vapour in the eudiometer. 

Both Horstmann’s experiments and my own show that no alteration jper saltum 

occurs in the ratio of the products of combustion. 

2. A mixture of dry carbonic oxide and oxygen does not explode when an electric 

spark is passed through it. The union of carbonic oxide and oxygen is effected 

indirectly by steam. A mere trace of steam renders a mixture of oxj'gen and 

carbonic oxide explosive. The steam undergoes a series of alternate reductions and 

oxidations, acting as a carrier of oxygen to the carbonic oxide. With a very small 

quantity of steam the oxidation of carbonic oxide takes place slowly. As the 

quantity of steam is increased the rapidity of the explosion increases. 

3. When a mixture of dry carbonic oxide and hydrogen is exploded with a 

quantity of oxygen insufficient for complete combustion, the ratio of the carbonic 

acid to steam formed, depends on the shape of the vessel and the pressure under 

which the gases are fired. By continually increasing the initial pressure a point is 

reached where no further increase in the pressure affects the products of the reaction. 

At and above this “ critical pressure ” the result is independent of the shape of the 

vessel. The larger the quantity of oxygen used the lower the “ critical pressure " is 

found to be. 

4. When dry mixtures of carbonic oxide and hydrogen in varying proportions are 

exploded above the “ critical pressure ” with oxygen insufficient for complete com¬ 

bustion, an equilibrium is established between two opposite chemical changes 

represented by the equations 
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(1) CO +H30=C03+H3 

(2) C03+H3 = CO +h3o 

So that at the end of the reaction the product of the carbonic oxide and steam 

molecules is equal to the product of the carbonic acid and hydrogen molecules multi¬ 

plied by a “coefficient of affinity.” This result agrees with Horstmann’s conclusion ; 

but Horstmann considers the coefficient to vary with the relative mass of oxygen 

taken. 

5. A small difference in the initial temperature at which tire gases are fired makes 

a considerable difference in the products of the reaction. This difference is due to 

the condensation of steam by the sides of the vessel during the explosion, and its 

consequent removal from the sphere of action during the chemical change. When the 

gases are exploded at a temperature sufficiently high to prevent any condensation of 

steam during the progress of the reaction, the coefficient is found to be constant 

whatever the quantity of oxygen used, provided that the hydrogen is more than 

double the oxygen. 

6. The presence of an inert gas, such as nitrogen, by diminishing the intensity of 

the reaction fa vours the formation of carbonic acid in preference to steam. When the 

hydrogen is less than double the oxygen the excess of oxygen cannot react with any 

of the three other gases present—carbonic oxide, carbonic acid, and steam—but has 

to wait until an equal volume of steam is reduced to hydrogen by the carbonic oxide. 

The excess of inert oxygen has the same effect as the inert nitrogen in favouring the 

formation of carbonic acid. 

The variations in the coefficient of affinity found by Horstmann with different 

quantities of oxygen are due partly to this cause, but chiefly to the varying amounts 

of steam condensed by the cold eudiometer during the reaction in different experi¬ 

ments. 

7. As the general result of these experiments, it has been shown that when a 

mixture of carbonic oxide and hydrogen is exploded with insufficient oxygen for 

complete combustion, at a temperature at which no condensation of steam can take 

place during the reaction, and at a pressure greater than the critical pressure, an 

equilibrium between two opposite changes is established, which is independent of the 

quantity of oxygen taken, so long as this quantity is less than half the hydrogen. 

Within the limits marked out above, the law of mass is completely verified for the 

gaseous system composed of carbonic oxide, carbonic acid, hydrogen, and steam at a 

high temperature. 

The experiments described in this paper were made partly in the laboratory of 

Christ Church, and partly in the laboratory of Balliol College, Oxford. I desire to 

express my sincere thanks to Mr. A. G. Vernon Harcourt and to Mr. W. Esson for 

their constant help and advice in all stages of the inquiry, and to the Government 

Grant Committee of the Royal Society for giving me the leisure and the appliances to 

complete this research. 
4 R 2 
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Appendix. 

1. In the following tables the actual numbers obtained in each analysis are given— 

beginning with those summarised in Table VIII. of the paper—in which the pressure 

of the gases at explosion was observed. The first column gives the reference number. 

In the three next columns the percentage composition of the gas is given, as deter¬ 

mined by mixture or analysis previous to each experiment. The next two columns 

give the pressure (P) and the temperature (T) of the gases just before the spark was 

passed. In the seventh and succeeding columns are given the volumes reduced to 

cubic centimetres at 0° C. and 760 millims. before the explosion (V0), after the 

explosion (V*), after absorption with potash (V„), after addition of excess of oxygen 

(V'o), after explosion (V'e), and lastly after absorption with potash (V'„). 



IN GASES : HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 677 

By the two explosions and absorptions a complete analysis of the: mixture is made. 

The second part of the operation not only serves to control the whole, but gives a 

second independent value for the amount of hydrogen and carbonic oxide burnt in the 

first explosion. By subtracting the quantity of hydrogen burnt in the second explo¬ 

sion from the quantity of hydrogen originally measured, a number is obtained which 

should be identical with the quantity of steam formed in the first explosion—if no 

experimental error occurred. In the column under “ li found ” is given the quantity of 

hydrogen burnt in the first explosion as directly determined by the contraction and 

absorption; in the column under “h calculated ” is given the quantity of hydrogen burnt 

in the first explosion as calculated from the quantity originally measured and that 

found in the second explosion. The mean between these two numbers is taken as the 

correct quantity of hydrogen burnt in the first explosion. 

Exactly in the same way the mean between the found and the calculated quantity 

of carbonic oxide burnt is taken as the correct quantity. 

From the numbers given the entire analysis may be calculated out in the following 

way :— 

No. 1. Composition of mixture. 

Carbonic oxide. 67T0 

Hydrogen. 21 ’91 

Oxygen. ... 11*09 

100*00 

Volumes reduced to 0° C. and 760 millims. 

Cub. centims. 

Volume of mixture taken. 8'25 

,, after explosion. 6’50 

,, ,, absorption. 5*51 

,, „ addition of oxygen . . . 16*14 

,, ,, explosion. 12-40 

„ „ absorption. 7 "8 3 

First contraction =1 "74 = c First absorption = -99=7: 

Second „ =3"74 = c/ Second ,, = 4-57 = /c/ 

By first explosion and absorption :— 

Oxygen =l(c+/i:) = -908, Hydrogen —§ ^c — 

By second explosion and absorption :— 

Hydrogen =f(o' — 

h_ 

2 

¥ 

•83, 

•97, 

Carbonic oxide = "99 

Carbonic oxide =4"57 

Total hydrogen =1’80, Total carbonic oxide =5‘56 
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Composition of mixture by analysis. 

CO . . 5-56 67-39 

EL . . 1*80 21-82 

03 . . •91 11-01 

8-27 100-22 

Then by calculation from the original mixture, 8'25 cub. centims. contain 5‘54 cub. 

centims. carbonic oxide and 1*81 cub. centims. hydrogen. 

5-54 1-81 

4-57 •97 

•97 k calculated •84 h calculated 

•99 k found •83 h found 

•98 mean k •835 mean h 

k -98 
T .1 *7 

h '835 
I I ! 

I. 

Eeference 
No. Oxygen. 

Carbonic 
oxide. 

Hydrogen. P. T. Vo. Ve. Ya. Y'o. Y'e. Y'a. 
li 

found. 

h 
calcu¬ 
lated. 

h 

h 

1 11-09 67-10 21-91 
millims. 

210 
°C. 

10-5 8-25 6-50 5-51 16-14 12-40 7-83 •83 •84 1-17 
2 f} 9-7 11-26 8-87 7-53 17-065 12 087 5-940 1-150 1-195 1-17 
3 11-1 12-82 10-10 8-58 21-33 15-51 8-47 1-31 1-28 1-19 
4 if 10-5 16-61 13-10 11-11 21-51 14-04 4-97 1-67 1-68 1-21 
5 11-1 17-04 13-41 11-34 21-25 13-63 4-32 1-73 1-74 1-21 
6 10-3 23-61 18-66 15-79 28-88 18-22 5-34 2-35 2-36 1-24 
7 10-3 31-25 24-71 20-81 35-60 21-54 4-78 3-06 3-06 1-32 
8 'f a if 200 8-5 12-52 9-95 8-37 18-51 12-82 6-02 1-19 1-21 1-33 

9 16-88 49-60 33-52 250 10-5 9-89 6-02 4-86 11-40 7'85 4-08 2-19 2-19 *52 
10 if 10-1 10-61 6-45 5-22 14-40 10-58 6"57 2-36 2-35 •53 
11 9-0 10-70 6-53 5-28 1614 12-29 8-23 2-36 2-37 •53 
12 10-5 11-19 6-84 5-55 15-30 11-28 7-02 2-47 2-49 •52 
13 9-6 35-43 21-75 17-59 38-52 25-85 12-63 7-73 7-84 *55 
14 10-5 38-54 23-66 19-11 36-99 22-93 8-38 8-40 8-40 *54 
15 if if >. 9-5 36-83 22-59 18-21 32-96 19-53 5-62 8-03 8-03 •545 

16 19-70 41-02 39-28 250 9-0 37-42 19-445 15-325 31-594 19-834 8-656 10-61 10-59 •39 
17 7-4 32-52 16-89 13-33 25-20 15-04 5-25 9-23 9-25 •385 
18 if 7-9 11-026 5-724 4-512 17-406 13-974 10-661 3-131 3-146 •385 
19 .. >5 » 6-7 11-264 5-836 4-599 16-960 13-440 10-060 3-206 3-204 •39 ] 

20 19-70 41-02 39-28 100 8-6 7-99 4-19 3-26 15-26 12-73 10-41 2-22 2-22 •426 
21 if - if .. 9-8 15-64 8-34 6-44 23-90 18-78 14-29 4-23 4-22 •453 1 

| 
22 12-86 61-64 25-50 75 6-5 6-033 4-580 3-712 13-990 11-272 8-412 ■679 •679 1-27 * 
23 100 5-6 8-370 6-321 5-145 15-963 12-224 8-240 •974 •969 1-21 
24 125 6-4 10-33 7-69 6-34 19-65 15-18 10-14 1-310 1-333 1-01 
25 )> 150 6-5 12-47 9-21 7-65 20-440 15-090 8-976 1-65 1"65 •95 
26 200 5-8 18-80 13-83 11-53 29-09 21-07 11-84 2-55 2-514 •92 
27 300 6-9 24-68 18-06 15-14 34-35 23-96 11-66 3-44 3-46 •85 
28 425 7-0 34-523 25-177 21-189 38-090 23-630 6-350 4-90 4-922 •81 
29 »> if if 600 6-4 49-069 35-826 30-165 49-530 28-880 4-340 6-942 6-920 •82 
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I. (continued.) 

Reference 
No. 

Oxygen. 
Carbonic 

oxide. 
Hydrogen P. T. Vo. Ve. Va. V'o. V'e. Va. h 

found. 

h 
calcu¬ 
lated. 

k 
h 

30 12-29 63-31 24-40 
millims. 

75 
°c. 

15-7 6-024 4-666 3-815 12-824 10-047 7-060 •622 •614 1-36 
31 99 „ 16-6 5 479 4-276 3-466 10-651 8-104 5-396 •532 •542 1-46 
32 99 9 9 15-0 5-834 4-516 3-673 13-255 10-582 7-744 •598 •588 1-43 
33 99 99 ,, 99 14-3 6-645 5-158 4-206 15-489 12-442 9-160 •674 •684 1-38 
34 99 ,, 14-0 6-511 5-083 4-126 12-292 9-290 6-082 •634 •657 1-45 
35 99 ,, 13-2 6-997 5-411 4-414 12-468 9-283 5-841 •725 •731 1-36 
36 99 ,, 14-2 6-207 4-800 3-920 15-000 12-156 9-084 •645 •643 1-35 
37 9> 99 99 99 14-5 5-753 4-430 3-602 15-908 13-271 10-438 •606 •590 1-37 

38 100 14-4 9-124 7-071 5-765 16-118 11-926 7-442 •933 •926 1-40 
39 99 13-3 9-082 7-044 5-725 18-565 14-441 10-012 •919 •942 1-42 
40 99 1 99 99 14-8 9-497 7-357 5-998 20-951 16-615 11-956 •974 •979 1-39 

41 125 19-9 10-214 7-795 6-437 21-767 17-211 12-137 1-160 1-146 1-19 
42 99 99 99 14-9 10-311 7-874 6-513 17-430 12-835 7-654 1-171 1-180 1-15 

43 150 15-1 12-575 9-537 7-949 20-249 14-710 8-356 1-496 1-493 1-07 
44 3J 175 15-2 15-538 11-738 9-811 21-077 14-269 6-405 1-891 1-874 1-035 
45 200 151 15-45 11-63 9-75 27-84 21-15 13-29 1-92 1-93 •99 
46 250 15-0 20-502 15-360 12-920 26-650 17-836 7-327 2-610 2-63 •94 
47 5J 300 11-7 27-74 20-77 17-51 37-53 25-61 11-36 3-56 3-57 •92 
48 99 99 400 15-3 33-00 24-68 20-80 39-61 25-42 8-43 4-25 4-25 •915 
49 ,, 3) 700 14-9 59-95 44-83 37-85 , , . , , , 7-75 , , •90 
50 »9 » » 1000 15-7 83-47 62-39 52-66 •• •• •• 10-81 •• •90 

51 18-99 58-47 22-54 75 18-8 6-100 4-026 2-615 10-359 8-572 6-399 •912 •908 1-54 
52 3) 100 18-2 9-080 5-920 3-906 11-445 8-876 5-568 1-435 1-437 1-40 
53 125 16-2 10-193 6-562 4-377 15-889 13-110 9-339 1-682 1-701 1-29 
54 200 12-6 17-108 10-894 7-349 22-946 18-420 11-965 2-961 2-990 1-19 
55 99 400 13-7 38-61 24-68 16-82 37-86 27-44 12-82 6-67 6-632 1-19 
56 » 99 99 500 8-8 45-511 28-927 19-566 33-597 21-479 4-337 7-936 7-892 1-19 

57 12-29 63-31 24-40 400 13-0 16-89 12-59 10-63 22-66 15-45 6-79 2-21 2-20 •905 
58 99 99 99 99 9-5 17-730 13-228 11-205 21-528 13-922 4-759 2-327 2-310 •88 

59 1000 10-4 17-665 13-161 11-148 20-479 12-916 3-847 2-332 2-291 •89 
60 99 99 99 99 12-9 16-803 12-563 10-610 22-475 15-262 6-656 2-176 2-160 •92 

61 8-06 66-28 25-66 125 11-3 11-992 10-065 9-116 17-037 10-378 3-426 •963 •955 1-02 
62 150 11-2 13-020 10-950 9-883 20-488 13-265 5-769 1-023 1-023 1-08 
63 99 175 11-2 16-562 13-932 12-532 24-638 15-463 5-913 1-287 1-316 1-09 
64 99 200 12-5 17-262 14-531 13-074 26-236 16-673 6-722 1-334 1-371 1-09 
65 250 7-8 21-757 18-357 16-527 28-152 15-999 3-393 1-657 1-682 1-09 
66 99 300 8-6 25-468 21-424 19-320 31-982 17-816 3-004 1-995 2-027 1-04 

67 ?3 400 14-5 32-85 27-59 24-97 46-73 28-34 9-27 2-63 2-53 j 1-03 

68 99 J3 600 12-4 48-700 40-780 36-820 . , , , . . 3-960 • . i 1-00 

69 99 » 1000 10-0 84-369 70-512 63-699 •• •• •• 6-966 •• •98 

70 8-0 10-342 8-642 7-869 16-421 10-708 4-643 •876 •866 •90 

71 99 ” 
8-4 15-004 12-526 11-379 23-632 15-374 6 595 1-270 1-270 •91 

2. The experiments 72 to 150 are given in detail in the following table. The last 

column contains the coefficient found by dividing the product of the carbonic oxide and 

steam molecules by the product of the carbonic acid and hydrogen molecules. The 

values of h and li in this column are the means between the found and calculated values 

for the hydrogen burnt in the first and second explosion respectively; and the values 

of and k and k' are the means between the found and calculated values for the carbonic 

oxide burnt in the two explosions. The other columns are exactly similar to those in 

the previous table. 
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Experiment 7*2 is here given in full :— 

Composition of mixture. 

Carbonic oxide. 73‘19 

Hydrogen .. 14*36 

Oxygen. 12*45 

100*00 

Volumes reduced to 0° C. and 760 millims. 

Cub. centims. 

Volume of mixture taken. 22*075 

„ after explosion. 17*503 

., „ absorption. 13*836 

,, ,, addition of oxygen . . . 28*055 

„ ,, explosion. 19*829 

„ „ absorption. 7*357 

First contraction =4*572 = c 

Second „ =8 *226 = 0' 

0=|(c+&) = 2*746 /t=|jc 

First absorption = 3*667 = k 

Second „ = 12*472=&' 

-|} = 1-826 

A'=f{c'—1'} = 1'327 

Total hydrogen =3*153 Total carbonic oxide =16*139 

Composition of mixture by analysis. 

CO . . 16*139 73*12 

h3 . . 3*153 14*28 

03 . . 2*746 12*44 

22*038 99*84 

By calculation from original mixture 22*075 cub. centims. contain 16*159 cub. centims. 

carbonic oxide and 3*169 cub. centims. hydrogen :— 

16*159 3*169 
12*472 1*327 

3*687 calculated 16*159 1*842 calculated h 3*169 
3*667 found 3*677 1*826 found h 1*834 

3*677 mean k 12*482 mean k' 1*834 mean h 1*335 mean li 
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II. 

Reference 
No. 

Oxygen. 
Carbonic 

oxide. 
Hydro¬ 

gen. 
P. T. Vo. Ye. Ya. Y'c. Y'e. Y'a. h 

found. 

h 
calcu¬ 
lated. 

Jc'h 
kh' 

72 12-45 73-19 14-36 
millims 

1000 

°ri 

156 22-075 17-503 13-836 28-055 19-829 7-357 1-826 1-843 4-67 
73 12-44 67-76 19-80 14-6 26-406 20-198 16-501 29-847 19-306 5-178 2-906 2-911 4-76 
74 12-40 58-12 29-48 13-4 16-842 12-207 10-556 22-259 14-578 6-476 2-540 2-545 5-11 
75 12-38 45-96 41-66 13-6 17-057 11-763 10-716 18-880 9-609 2-658 | 3-180 3-176 5-13 
76 12-36 35-60 52-04 15-2 19-116 12-797 12-026 24-917 12-957 6-907 3-956 3-990 5-26 
77 12-33 26-42 61-25 15-2 22-284 14-612 14-035 30-214 14-505 9-209 4-922 4-942 5-14 
78 12-30 11-80 75-90 ff 14-6 19-911 12-767 12-563 23-790 7-050 4-890 j 4-695 4-671 4-90 

79 15-03 71-76 13-21 1000 13-4 21-411 16-265 11-677 22-693 15-893 5-171 1-901 1-869 4-68 
80 14-98 67-85 17-18 13-4 15-347 11-259 8-387 21-933 16-854 9-402 1-768 1-735 5-09 
81 15-00 66-77 18-23 If 12-6 21-410 15-610 11-717 27-370 20-170 9-800 2-569 2-559 509 
82 14-98 58-55 26-47 13-6 15-070 10-306 8-257 20-119 14-498 7-788 2-493 2-478 5-36 
83 15-01 39-08 45-91 ii 130 11-445 7-018 6-310 14-132 8-412 4-734 2-715 2-667 5-22 
84 15-01 30-55 54-44 13-2 15-080 8-948 8-287 19-298 10-827 6-901 3-868 3-872 5-23 
85 14-99 13-48 71-53 a 13-7 18-222 10-283 9-988 23-725 10-917 8-764 5-194 5-214 4-80 

86 13-81 63-10 23-09 1000 6-7 11-125 8-008 6-495 17-648 13-412 7-909 1-574 1-579 5-77 
87 8-9 10-070 7-241 5-882 15-617 11-784 6-790 1-433 1-434 5-91 
88 8-8 11-197 7-044 4-460 13-536 10-810 6-852 1-907 1-917 5-82 
89 if if if ii 8-0 13-527 8-510 5-403 13-884 10-585 5-821 2-311 2-306 5-82 

90 14-08 60-80 25-12 1000 3 15-320 10-760 8-762 22-147 16-297 9-066 2-373 2-359 5-69 
91 19 12-999 9-209 7-473 20-807 15-791 9-687 1-948 1-956 5-15 
92 20 15-063 10-681 8-638 22-925 17-085 10 030 2-240 2-242 4-94 
93 40 13903 9-874 7-930 21-385 16-007 9-590 2-038 2-047 4-57 
94 if ii if fi 60 10-640 7-635 6-060 16-558 12-351 7-490 1-480 1-489 3-83 

95 14-73 62-50 22-77 1000 -10 11-127 7-763 6-170 22-010 18-130 12-800 1-712 1-724 7-03 
96 60 14-322 10-304 7-963 22-434 17-096 10-524 1-898 1-893 3-87 
97 80 12-782 9-231 7-100 16-353 11-593 5-756 1-657 1-683 3-68 
98 100 17-348 12-529 9-647 21-508 15-014 7-078 2-252 2-269 3-67 
99 15-02 52-40 22-58 120 19-706 14-207 10-852 24-429 17-133 8-143 2-548 2-582 3-66 

100 14-78 20-44 64-73 1000 0 15-122 8-779 8-435 21-536 11-642 8-888 4-114 4-119 5-86 
101 70 19-920 11-685 11-105 24-746 11-665 8-171 5-300 5-340 4-19 
102 if 80 15-560 9-137 8-656 17-571 7-350 4-622 4-121 4-173 4-03 
103 100 17-816 10-455 9-914 19-244 7-684 4-616 4-737 4-859 3-98 
104 13-71 21-12 65-17 if 125 17-274 10-671 10-204 19-706 7-616 4-449 4246 4-252 4-05 

105 13-42 44-72 41-86 1000 70 12-503 8-397 7-422 19-508 12-975 8-337 2-412 2-425 4-12 
106 , 80 15-060 10-214 9-061 19-779 11-763 6-156 2-846 2-829 4-02 
107 if ii if if 120 13-462 9-112 8-084 18-286 11-171 6-186 2-557 2-553 401 

108 15-02 62-40 22-58 400 40 7-943 5-685 4-356 11-760 8-872 5-223 1-062 1-084 4-11 
109 50 9-270 6-679 5-117 13-047 9-616 5-408 1-207 1-209 3-67 
110 if ii ft ii 100 8-281 5-961 4-565 13-776 10-738 6-981 1-081 1-097 3-74 

111 15-02 62-40 22-58 100 16 7-379 5-362 4-089 12-371 9-574 6-217 •920 •940 3-39 
112 30 8-362 6-139 4-620 12-241 9-031 5-305 •976 •989 2 67 
113 60 6-611 4-844 3-627 9-754 7-241 4-299 •772 •798 2-70 
114 if if a if 100 6-248 4-565 3-442 8-576 6-184 3-406 •732 ■742 2-67 

115 13-42 44-72 41-86 150 80 6-937 4-764 4-165 11-456 7-730 5-190 1-249 1-267 3-32 
116 200 7-661 5-198 4-556 11-477 7-429 4-628 1-428 1-442 3-55 
117 300 10-385 7-058 6-252 16-003 10-510 6-662 1-949 1-968 3-93 
118 fi ff ff 400 if 11-358 7-647 6-755 15-353 9-417 5-238 2-177 2-190 3-97 

119 1371 21-12 65-17 100 100 6-942 4-391 4-125 14-100 9-118 7-876 1-612 1-617 2-76 
120 if »> fi 300 if 9-988 6-206 5-910 14-713 7-702 5-863 2-423 2-448 3-85 

121 7-83 44-47 47-70 400 90 13-192 10-632 10-072 15-455 5-640 •356 1-520 1-510 2-94 
122 if 800 14-815 11-940 11-340 30-297 19-280 13-268 1-717 1-725 3-28 
123 1000 10-991 8-788 8-346 16-773 8-668 4-247 1-321 1-312 3-28 
124 1500 13-330 10-678 10-130 17-580 7-798 2-398 1-585 1-637 3-39 
125 fi 2000 if 17-167 13-807 13152 25-171 12-434 5-459 2-022 2-022 3-48 

4 s MDCCCLXXXIV. 
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II. (continued). 

Reference 
No. 

Oxygen. 
Carbonic 

oxide. 
Hydro¬ 

gen. 
P. T. Vo. | Ve. Va. V'c V'c Va. 

It 

found. 

h 
calcu¬ 
lated. 

k'h 
j kk' | 

millims. °c. 
126 v 9-24 48-33 42-42 400 90 15-311 11-924 11-062 21-223 11-200 4-645 1-971 1-998 3-38 
127 1500 ,, 16-630 12-889 11-995 21-223 10-390 3-246 2-196 2-214 3-63 
128 „ 1750 17-010 13-177 12-286 24-894 13-804 6-479 2-258 2-264 3-74 
129 „ t) 2000 if 22-667 17-543 16-391 29-567 14-747 4966 3 032 2-996 3-84 

130 10-35 41-89 47-76 400 90 17-914 13-250 12-334 28-801 16-905 10-297 2-804 2-829 3-57 ' 
131 600 }J 14-591 i 10-785 10 079 22-548 12-886 7"495 2-302 2-325 3-76 1 
132 800 12-680 9-343 8-742 18-014 9-627 4-931 2-024 2-030 3-90 , 
133 )f 1000 if 18-828 13-874 12-981 23-073 10-622 3-637 3-005 3-021 3-93 

134 21-18 59-37 19-45 1000 90 19-652 12-712 7-432 19-707 15-087 8-667 2-867 2-883 3-69 
135 21-19 59-63 19-18 17-840 11-442 6-424 14-555 10-585 5-013 2-593 2-632 3-59 
136 23-26 57-80 18-94 „ 17-807 10 945 5-379 15-210 11-930 7-224 2-719 2-755 3-64 
137 27-75 54-42 17-83 ” a 16-757 j 9-404 2-805 10-238 8"574 6-087 2-702 2-708 3-62 1 

138 20-67 19-42 59-91 1000 80 17-163 1 7-501 6-607 15-664 8-302 5-841 6-143 6-195 4-16 
139 if i) if 100 16-777 7-340 6-486 17-944 10-676 8-281 5-998 6-016 4-05 

No 1 0, 
140 38-218-77 12-98 40-04 1000 80 17-346 13-143 12-776 21-350 14-020 12-134 2-680 2-687 3-25 

141 14-66 15-64 69-70 1000 90 22-615 13-177 12-677 24-165 8-642 5-580 6-125 6-133 3-98 
142 14-33 34-03 51-64 19-661 12-291 11148 23-335 12-204 6-648 4-532 4-584 3-97 
143 14-6? 50-19 35-13 15-056 10-047 8-331 18-260 11-609 5-725 2784 2-816 3-97 
144 14-70 52-56 32-74 if 23-372 15-787 12-990 26-522 16-467 6-997 4-124 4-106 3 93 
145 14-79 56-29 29-02 1 if 18-578 12-880 10-328 21-633 14-054 6-121 2-948 2-983 3-81 
146 14-33 67-83 17-84 21-868 16.501 12-506 20-879 12-981 2-148 2-246 2-247 3-68 
147 14-33 72-23 13-44 if if 20-951 16-282 11-973 21-908 14 740 3-918 1-676 1-645 3-61 

148 11-07 60-35 28-58 1000 80 20-600 15-769 13-760 28-151 17-927 7-503 2-551 2-547 3-96 
149 11-06 64-02 24-92 20-885 16-243 13-942 23-825 13-978 2-900 2-328 2-331 3-91 
150 11-06 67-69 2U25 if if 18-417 14*581 12-297 22-754 14-488 4-316 1-796 1-794 3-77 | 

Note on the preceding Paper. 

By W. Esson, M.A., F.R.S., Fellow of Merton College, Oxford. 

In January, 1882, Mr. Dixon sent to me the results of the experiments recorded on 

p. 659 of the preceding memoir, and asked me to discover if I could the relation 

between the quantities of the gases at the beginning and end of the explosion. The 

facts already discovered by Mr. Dixon (1) that the union of carbonic oxide and 

oxygen does not take place except in the presence of steam, and (2) that carbonic 

oxide is oxidized by steam at a high temperature, led me to conjecture that the first 

effect of the explosion was to combine all the oxygen present with the proper amount 

of hydrogen to form steam. An action was then set up between the steam and 

carbonic oxide resulting in the formation of hydrogen and carbonic acid, and 
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simultaneously a reverse action took place between the hydrogen and carbonic acid 

resulting in the formation of steam and carbonic oxide. Finally an equilibrium was 

established between the action and reverse action when the amount of each per unit 

of time was equal to that of the other. 

In a paper by Mr. Harcourt and myself, communicated to the Royal Society in 

November, 1865 (Transactions, Yol. 156, p. 217), it is shown that the amount of action 

per unit of time between two substances is proportional to the quantity of each 

substance. In the course of a hitherto unpublished investigation on the reaction of 

hydrogen iodide and peroxide a case of equilibrium occurred in November, 1865, 

precisely analogous to the present case, and admitting of the same explanation. The 

two cases are represented by the following chemical equations 

fI202+2HI=2H20+I2 

2 n2o+12=h3o2+2 hi 

h2o+co=h,+co2 

h2+co2=h2o+co 

If in general AT, B1? A2, B2 are substances reacting according to the chemical 

equation 

A1 + B:=A2+B2, 

A;3+B2= A1+B1, 

and if cq, a2, b1} &2 are the quantities of A1} A2, Bl9 B2 respectively in an unit of 

volume, the amount of the first action per unit of time is acqZq, and the amount of the 

second action per unit of time is /3a.2b.2, so that when equilibrium is established 

a.alb1=fiaabi. 

In the present case, if FLO, CO, H2, C02 represent the quantities per unit of 

volume of steam, carbonic oxide, hydrogen, and carbonic acid respectively, the ratio of 

HoO X CO to H2 X C02 is a ratio independent of the quantities of substance taking 

part in the reaction, and depending only upon the conditions of temperature, pressure, 

&c. In the experiments which Mr. Dixon submitted to me this constant is 5, and on 

p. 660 the numbers calculated on this hypothesis are compared with those actually 

found. 

The calculation of the steam and carbonic acid ultimately remaining after the 

explosion of given quantities of hydrogen, carbonic oxide, and oxygen is effected in 

the following way:-— 

Let a, b, c be the original quantities of hydrogen (H2), carbonic oxide (CO), and 

oxygen (03) respectively, and x the ultimate quantity of steam, then the ultimate 

4 s 2 
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quantities of carbonic oxide (CO), hydrogen (IIo), and carbonic acid (C02) are 

respectively b — 2c-j-x, a—x, 2c— x, hence if H20 X CO : H,xC02=/x 

x(b — 2 c-\-x)=ix(a—x) (2c — x) 

or 

(/a — l)x3— {/u,(«+2c) + 6 — 2c}x-\- 2/xac—0, 

the lesser root xl of this quadratic is the amount of steam, and 2c—aq is the amount 

of carbonic acid after the explosion. In the experiments recorded on p. 659 « + &= 100, 

c=14’2, /x = 5, and a has values varying from 16*4 to 86'54. The quadratic in the 

case of the experiment in which o = 86'54 is 

4cc3-558T6t+12115-6 = 0 

the lesser root of which is 26'89. 
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